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Abstract 
This thesis is primarily an experimental study of the ft-point structural instability 
which occurs in KMnF 3 at a temperature of 186 K. 
A series of x-ray scattering experiments were performed on a nearly-perfect 
sample crystal of KMnF 3 in order to investigate the static critical behaviour close to 
the transition temperature. The critical exponents 0. v and y  describing the temperature 
dependence of the order parameter, the static susceptibility and the correlation length 
were determined. An anomalous second component (of very narrow wavevector width) 
was observed in the scattering cross section close to the transition temperature, 
in addition to the anisotropic diffuse scattering from the softening R 25 normal mode. 
The anomalous component was well described by an isotropic Lorentzian-squared 
lineshape. 
The dynamic critical behaviour of the type of phase transition which occurs in 
KMnF3 has been extensively studied, and there is evidence for the presence of a 
central resolution iimited component in the spectral response. This central peak may 
or may not be analogous to the anomalous component observed in the x-ray scattering 
cross section. In -an attempt to correlate the two phenomena, and also to clarify the 
role of defects in a displacive structural phase transition, x-ray and neutron scattering 
experiments have been performed on samples of K Mn F 3 with known impurity content. 
Our results indicate that the two effects occur over differing temperature ranges and 
are to this extent distinct, and, moreover, that neither is significantly enhanced by the 
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A phase transition occurs in a thermodynamic system where there is a 
discontinuous or singular behaviour with a continuous change in a control parameter. 
The essential characteristic of many phase transitions is the spontaneous breaking, 
at the transition temperature, of some of the symmetry operations of the high 
symmetry phase (usually the high temperature phase). A phase transition can also 
be described as corresponding to a divergence of the correlation between a 
fluctuating quantity at two different points (giving long range order). The primary 
observables for many phase transitions, and those considered here, are the order 
parameter (which measures the difference between the coexisting phases), the 
susceptibility (the response of the order parameter to a conjugate field) and the 
correlation length (the dimension of the largest correlated volume). These exhibit 
power law behaviour as functions of t = (T / T -  1), described by the critical exponents 
, y and v. It has been found that any critiaI regime can be associated with two 
basic features, firstly, that the critical Indices are not independent of each other 
but are related via certain scaling properties, and secondly, that the crltlôal exponents 
are insensitive to the microscopic detai!s of the interaction and only depend upon certain 
essential features of the system (universality). 
The application of mean field theories in the characterization of phase 
transitions has been very successful, providing reliable qualitative descriptions. The 
essential principle is to reduce the many body problem to a tractable single body 
problem which can be solved self consistently, which necessitates the neglect of 
critical fluctuations. In particular, Landau theory (1937) describes a phase transition 
in terms of relatively few phenomenological parameters Landau assumes that the 
free energy, G. of a system can be expanded analytically as a power series in the 
order parameter, the coefficients being temperature dependent: The physical value 
of the order parameter is that which minimizes G. Although it provides a generalized 
theory applicable to several different types of phase transitions, Landau theory neglects 
many of the subtleties of universality, and predicts critical exponents which are invalid 
close to the transition temperature where critical fluctuations cannot be ignored. It is 
necessary to turn to the renormalisation group theory for a correct evaluation. 
1.1 
The essential idea of the renormalisation group method introduced by 
Wilson (1971), and further developed by Wilson and Kogut (1974), in order to extrapolate 
the critical behaviour of a system is to relate the physical properties of a system close 
to its critical point to properties of a similar system that is far from criticality. The 
development of the theory in modelling very complex systems by very simple hamiltonians 
is justified by the universality hypothesis (Kadanoff 1971). In essence, all systems with 
the same qualitative features (for example, the spatial dimension, the number of 
components of the order parameter) are said to belong to the same universality class, 
and to exhibit critical behaviour characterized by the same set of universal quantities. 
The aim is therefore to relate the properties of a system with a large effective 
correlation length 	= /a (where a is the lattice spacing) to one with E small. The 
renormalisation group (RG) operation in Fourier space consists of a two part operation 
to construct an 'effective' hamiltonian H (b) from the initial, physical hamiltonian H 
H(b) = IR(b) H 	 (1) 
The first part is a configurational integral over the modes with larger wavevector 
1k I > A/b where A is some out-off wavevector and b a scale factor, and the 
second is a rescaling of the vectors in reciprocal space so they again cover the 
range between zero and A. The effective hamiltonian H (b) obtained is 'less critical' 
than H since the system produced has a lattice spacing larg r by a factor of b, 
and 	(b) = /b. 
It is evident that a repeated application of the RG operation will generate a 
sequence of effective hamiltonians which trace out a trajectory or 'flow line' in 
parameter space, each being less critical than its predecessor and each containing 
the information that determines the critical (small wavevector) properties of the 
hamiltonian H 0 . The flow line terminates in a fixed point of the RG operation such 
that 
H= IR(b) H 
	
(2) 
which has a correlation length which is infinite or zero, corresponding to critical or 
non-critical fixed points respectively. Since the flow lines are of decreasing 
correlation length, the flow line will only terminate in a critical fixed point if H is 
itself critical. Consequently the iterative procedure must begin on the critical 
1.2 
surface in parameter space in order to reach the critical fixed point. The 
universality concept implies that all systems belonging to one universality class will 
tend to the same critical fixed point, and the scaling hypothesis is.justified in that 
the two quantities (t and the field conjugate to the order parameter) which are 
adjusted in order for a phase transition to occur control two 'scaling fields' which 
must vanish at the fixed point. 
The analytic techniques employed in the theory of critical phenomena exploit 
the use of 'small' parameters. (For example, E = d 
C 	 C 
- d where d = 4 is the critical 
borderline dimension, above which fluctuations- are so weak that mean field predictions 
for universal quantities become exact). These techniques involve either direct 
perturbation expansion methods via Feynman diagrams (Wilson 1972), or a perturbative 
treatment of the RG transformation involving the solution of the differential equations 
of hamiltonian flow (Wegner and Houghton 1973). 
This thesis is primarily concerned with experimental investigations of 
structural phase transitions, at which a material changes its crystallographic 
structure. Most phase transitions of this- kind belong - to one of two types, displacive -
(when some or all of the atoms in the unit cell are shifted, from their high 
temperature positions at the transition temperature), and order-disorder (which, as 
the name implies, is associated with an ordering of some misplaced variable at Ta). 
Two examples of displacive phase transitions are, firstly, that of Bali 0 3 
at 393 K,, in which the static displacement of the atoms is the same in every unit 
cell (see, for example, Megaw 1947, Kanzig 1951, Shirane et al 1955 and Harada et al 
1970), and secondly, that of SrTi 0 3 at 110 K. In this example, the high 
temperature perovskite phase is distorted by an anti-phase rotation of neighbouring 
octahedra (see figure 1.1), and the unit cell in the, distorted phase consists of two 
unit cells of the high temperature phase (Unoki and Sakudo 1967, Shirane and 
Yamada 1969). 
Measurements had shown that, at least for the displacive type of transition, 
the atoms in the distorted phase are only slightly displaced from the equilibrium 
positions of the high temperature phase, and the displacements have a definite 








A projection along a cubic axis of the distorted phase of SrTiO 3 as 
deduced by Unoki and Sakudo (1967). (After Shirane and Yamada 1969). 
• and Anderson (1960) that such a phase transition might be the result of an instability 
of the crystal against some normal mode of vibration of the high temperature phase; 
This hypothesis has been successfully borne out in principle by many experiments as 
reviewed by Scott (1974) and Shirane (1974), but has been found to be inadequate in 
detail, as will be discussed below. The order parameter of a displacive phase transition 
is the amplitude of the normal mode which describes the distortion; in general the 
description involves a linear combination of n normal mode coordinates and the order 
parameter has n components. In SrTiO 3  the order parameter has three components 
(since the oxygen octahedra can rotate about any of three cubic axes) and wavevector 
q = 27r/a 0/2 . 1/2 . 112 ) for all three components. The term secondary order parameter 
as applied to a structural phase transition is used to describe distortions which arise 
at the phase transition which do not break as many symmetry operations as are broken• 
by the primary ordering. In SrTi 0 3  there is a macroscopic strain below T in addition 
to the primary distortion which has a temperature dependence described by an exponent 
, where one expects > 2. 
In the soft-mode approach to the dynamics of a structural phase transition 1 
the frequency of the relevant unstable normal mode decreases to zero at T , 
below which temperature the crystal distorts so as to stabilize the rnode; the 
distortion is described as the frozen 1n amplitude of The ndrrinai mode. Thl 
colcept, based on the harmonic oscillator form of the static susceptibility, is strictly 
inconsistent since the frequencies of the normal mode in a harrponic crystal are not 
temperature dependent. The conjecture becomes acceptable if the frequencies are 
interpreted as effective or renormalised frequencies obtained from the weakly 
anharmonic crystal model (reviewed by Cowley 1963 and discussed briefly below). It 
is also necessary to include a phenomenological damping term in the model for the 
dynamic susceptibility since many soft-modes are found to be damped or even 
overdamped above the transition temperature. The soft-mode frequencies then 
define the poles of the dynamic susceptibility in complex frequency space. The 
movement of these poles towards the origin corresponds to an impending divergence 
of the static susceptibility and hence signals the approach to a continuous phase 
transition. 
Landau theory, extended by Ginsburg to include the fluctuations in the leading 
terms, can be used to describe the behaviour of a harmonic crystal with short 
range interactions, to a first approximation. The free energy for a multi-component 
order parameter is 
1.4 
G = G +_J- ''VR (k)Q(k)Q(k) + . . . . 	 (3) 




kq - q 	 (4) 
and 
R (k) = a(T - T )8 + 	f (pq)k k 	 (5) pq 	 c pq cz 
and G is the static part of the free energy, N is the number of unit cells in the 
crystal and Q(k) is the amplitude of the normal mode. There are no linear terms 
in k if q is a high symmetry wavevector. This model assumes that the coefficients 
f 	are temperature independent and predicts that the critical exponent for the 
correlation function is v = 0.5, and. that the lineshape of the scattering Is Lorentzian 
In wavevector for a given temperature, with the width of the Lorentzian depending on 
the direction of the wavevector. 
Landau theory can be applied -to weakiy anharmonic 'crystal such as SrTi 0 3 
if the harmonic frequencies w (Ic) are replaced by 
= w(k) 2 + E(k,(o) 	 (6) 
where E is the anharmonic part of the self-energy and depends on the frequency 
used in an experiment. It is assumed to be well behaved at T. The parameters of 
Landau theory and the various contributions to the self-energy of the soft-mode can 
be calculated in terms of the anharmonic interactions and normal modes of a material 
by the use of weakly anharmonic perturbation theory. This has been carried out 
quantitatively for SrTi 03  by Bruce' and Cowley (1973), who find that the anharmonic 
effects are not large when compared with results for alkali halides at the same 
temperatures, but that the harmonic frequencies of the soft-mode are very small. 
This possibly occurs because one of the atoms is a loose fit in its site in the lattice 
and is easily displaced from its high symmetry position. 
As discussed previously, Landau theory is inappropriate close to a transition 
temperature where the critical fluctuations must be included in a self consistent 
1.5 
way. In order to correctly predict the critical behaviour of a displacive structural 
phase transition such as that occurring in SrTiO 3 , the AG methods introduced 
by Wilson must be employed. The basic hamiltonian appropriate for a structural phase 
transition associated with an n-fold degenerate soft-mode is that of the n-component 
Landau - Ginzburg -Wilson model, which has a stable fixed point referred to as the 
(isotropic) n-component Heisenberg fixed point, since it belongs to the same 
universality class as the Heisenberg model of ferromagnetism. However, since n >1, 
the order parameter symmetry will generally permit various additional interactions 
which are not isotropic and it is possible for these to cause a change in 
universality class (crossover behaviour). The most important perturbations are 
those of cubic symmetry, as reviewed in detail by Aharony (1976). The consensus of 
opinion is that in the case d n 3 the stable fixed point of the effective hamiltonian 
including the perturbations remains the isotropic fixed point as above: asymptotically 
the cubic interactions are renormalised to zero fixed point values by the critical 
fluctuations, and the appropriate critical exponents are those of the n 3 component 
Heisenberg model. 
When the anisotropy is large, the observed critical behaviour will be 
characterized not by the isotropic exponents, but by effective critical exponents 
which reflect the anisotropy. Calculations to leading order in E (Natterman and 
Trimper 1975) suggest that in situations where the att  branch is flat along the 
th cubic axis, the effective exponents P eff  and Teff  will be somewhat larger than 
their asymptotic counterparts. Furthermore, a system with very large anisotropy 
actually lies outside the domain of attraction of the stable Heisenberg fixed point 
and may promote a first order phase transition (Bruce 1974 and Natterman 1976). 
The classical soft-mode approach to the dynamical behaviour of a system 
undergoing a structural phase transition, and also some more detailed theories, suggest 
that the response should be characterised by a single softening resonance with an 
associated timescale. However, the inelastic neutron scattering measurements of 
Riste et al (1971) and Shapiro et al (1972) show that this is not the case for the 
displacive phase transition in SrTiO 3 at T =110K (for which the soft-mode 
c
I 
phenomenology is particularly appropriate). They observed a central resolution limited 
component in the scattering profile in addition to the phonon-like response. The damped 
1.6 
phonon peak initially softened in accord with the classical soft-mode theory but 
saturated a few degrees above T.  while the narrow component centered on zero 
frequency first appeared at -'50K above T and exhibited an intensity which diverged 
as T was approached. These results mean that the near critical behaviour of the order 
parameter degrees of freedom in displacive phase transitions must be characterised by 
two distinct timescales. The first is a short timescale whose magnitude is set by the 
soft-mode side-band and the second a longer timescale associated with the narrow 
central peak. 
Shapiro et al analysed their results in terms -of a phenomenological model 
which supposed that the response function was that of a damped simple harmonic 
oscillator coupled, with a constant S. to some unspecified internal degree of freedom 
with relaxation time t, to provide an additional channel for decay. The form for the 
susceptibility was (see Feder 1976 for a simple derivation) 
= w(q)2 -2 - 21f - 1wt6 2 /(1-iwt) 
(7) 
= () (q p 
)2 - 




w (q p ) 2 =w o(q p ) 2+82 	 - 	 (8) - 
E(q 
p 
 ,w) = - 62/(1-iw 0 'v ) 	 (9) 
is a contribution to the anharmonic self-energy. If the damping constant r is small 
the response function can be separated into two components, a damped harmonic 
oscillator with resonances at ± w (q , T) 	± w (q ) and a narrow Lorentzian of 
p 	 CO p 
width 	(w2I 2)  It centered on- zero frequency. This model, convolved with 
L 	0 CO 	 0 
the instrumental resolution function, adequately described the measured scattering 
profiles at the R-point in SrTiO 3 at various temperatures above T.The model also 
predicts that, since the lattice instability occurs when w 
0  (0 ,T C  ) tends to zero and not 
when 	(0 ,T ) tends to zero, at T we have that w (0 ,T ) = 6 (T ) which is non zero 
provided 6 
(T:)  is non zero. The analysis clearly showed this to be the case for SrTi 0 3 
Further high resolution studies of the central peak in SrTiO 3 were made by 
Mezei and Heyter (1974) using a spin-echo spectrometer and TôpIer et al (1975, 1977) 
1.7 
using a back-scattering spectrometer in an attempt to resolve the frequency width, 
but these measurements only yielded an upper limit of 2 x 10 ' Hz. The role of crystal 
defects has been investigated by Hastings et al (1978) who measured the central peak 
intensity in hydrogen reduced SrTiO 3 as a function of free carrier concentration, and 
found the intensity of the central peak at a given value of T - T did increase with carrier 
concentration, though only slightly. A measurement of the critical scattering using x-rays 
reported by Darlington and O'Connor (1976) showed the intensity of the central peak to 
increase as the x-ray energy was decreased. This was interpreted by the authors as 
evidence for a 'surface layer' which assumed the distorted low temperature structure 
at a temperature above that of the bulk, so giving rise to Bragg scattering with an 
intensity inversely proportional to the x-ray penetration depth (and hence energy). This 
interpretation would provide a simple explanation for the observed quasi-elastic 
scattering: The increase in intensity of the central peak as I is approached 
corresponds to a growing thickness 'of the 'surface layer'. Cowley and Shirane (1978) 
further investigated this idea by using neutron scattering with a masking technique in 
order to control the portion of the crystal illuminated. They found that, although the 
volume of the surface layer could be sufficient to account , for the intensity of the 
central peak observed, the scattering 'from the whole crystal and that from the 
interior alone are nominally the same. 
Measurements of the dynamic response function at R-point instabilities In other 
members of the perovskite family have been made. A central peak has been observed 
in KMnF3 at the phase transition at 186 K (Shapiro et al 1972), in RbCaF 3 at the 
phase transition at 193K (Almairac et al 1977) and in LaAlO 3 at the phase transition 
at 767 K (Kjems et al 1973). However, the temperature dependence of the parameter 
8 extrapolated from the data analysis varies from material to material, which 
suggests that the phenomenology is unable to account for the different experimental 
conditions. In each case the behaviour of the soft-phonon side-band is qualitatively 
consistent with that of SrTiO 3 and approximately sample independent, converging 
to a non-zero value at I 
C 
There is also evidence for the presence of quasi-elastic scattering in the 
dynamical response function of many other structural phase transitions. The observation 
of a central peak in the order-disorder type, such as occur in NaN 02.  is well established 
(Hoshino and Motegi 1967). The two measured timescales are presumed to arise from 
two different excitations in the system, firstly, the large oscillations of the NO 2 groups 
between two possible low temperature positions and secondly, the small collective 
oscillations of the atoms within the NO 2 groups about the positions of equilibrium set 
by the instantaneous configuration of the NO 2 groups; the former sets a relatively long 
timescale and gives rise to the quasi-elastic scattering. Early neutron scattering 
measurements at the structural phase transition associated with the softening of the 
elastic constant in Nb 3Sn by Axe and Shirane (1974) showed a reolution limited 
component at zero frequency, and this was also observed for a similar phase transition 
in PrAlO 3 (Birgeneau et al 1974). The central peak has been seen in the critical 
scattering above the ferroelectric phase transition in Pb 5Ge 3 O 11 at 451K where, 
unlike in SrTiO 3 , it was found to exist for a range of wavevectors around each 
reciprocal lattice point (Cowley et al 1976). Other occurences of the central peak include 
the commensurate - incommensurate phase transition in Ba Mn F 4 (Cox et al 1979), the 
w-phase transition exhibited by bcc Zr- Nb alloys (Moss et al 1973, Axe et al 1975) and 
the structural instability associated with the M-point zone boundary mode in KMnF 3 and 
NaNbO3  (Shapiro et al 1974, Darlington and O'Connor 1978). There is at present no 
evidence for a central peak above the 'near classical' ferroelectric phase transition in 
KH 2 PO4, where critical fluctuations are reduced by piezoelectric coupling to shear 
modes. However, molecular dynamical simulations of simple models undergoing structural 
phase transitions provide clear evidence for - quasi-elastic pcattering above the transition 
temperature (Schneider and Stoll 1973, 1975, 1976, Aubry 1975, 1976 a, b). 
There have been many attempts to understand anq explain the origin of the 
anomalous frequency response in a displacive phase transition near the critical point, 
as reviewed in detail by Bruce and Cowley (1980). Several theories are based on an 
anharmonic perturbation analysis in which the calculation of the phonon self-energy 
is extended to higher orders (Silberglitt 1972, Cowley and Coombs 1973, Murata 1975, 
Bausch and Halperin 1978). Such theories are primarily concerned with calculating the 
contribution to the self-energy made by phonon-density fluctuations (that is, by the 
fluctuation in the numbers of other phonons) which can couple to the soft-mode if 
the symmetry is correct. In such a calculation, since unphysical singular behaviour can 
only be suppressed if correct account is taken of the finite lifetime of the intermediate 
phonons, the perturbation theory must include all possible scattering processes 
(see figure 1.2) and hence be carried to infinite order. With certain simplifying 
assumptions this can lead to a self-energy of the form given by equation (9) and a 
central peak with a critically diverging intensity (Bruce and Cowley 1980). In general, 






Diagrammatic representation of processes contributing to the soft-mode 
self-energy: 
The leading order frequency dependent contribution. 
One of the infinite sequence of additional processes which 
must be included when the soft-mode can couple to pairs of modes 
(q 1 j 1 ) and (-q 1 j 1 ). 
A schematic representation of the sum of processes b). 
(After Bruce and Cowley 1980). 
only if both transform according to the same representation of the space group, that is, 
if q= 0. Consequently, in the case of SrTiO 3 , a central peak is predicted in the 
low temperature phase where the zone-boundary above T becomes a zone-centre 
due to the unit cell doubling. In addition, the difference between the adiabatic and 
isothermal response of the soft-mode below the transition temperature will give rise 
to a thermally diffusive contribution to the central peak. This contribution always 
reflects thermal fluctuations in some coordinate with macroscopic order, and as 
such can only appear in conjunction with a Bragg peak (Heller 1970, Schulhof 
et al 1971). 
The theory considered thus far considers the non-critical regime and ignores 
critical fluctuations. This may be why it falls to account for the presence of a 
quasi-elastic component in the I >T 
C 
soft-mode spectral response function in systems 
such as Sr110 3 . One approach to extending the theory into the critical region is to 
assume that close to T  critical fluctuations produce microdomains of distorted crystal 
(corresponding to the low temperature structure) within which coupling between the 
soft-coordinate and the phonon-density fluctuations is allowed. This idea led to the 
prediction. by Feder (1971) that a thermally diffusive central peak exists above T.  and 
also to the phonon perturbation calculations of Silberglitt (1972) who proposed that 
certain 'precursor' contributions to the phonon self-energy should be included close to 
T (figure 1.3a). Silberglitt concluded that a narrow central peak should be observed 
in the frequency reponse function of SrTI 0 3 above T.  Murata (1975) and Ohnari 
and Takada (1979) suggested that other precursor contributions should also be 
included in the calculation (figure 1.3b), but unfortunately the predicted characteristics 
of the central peak are not consistent with experimental observations. 
A more systematic attempt at extending the theory to the critical domain lies 
in the treatment of critical fluctuations via dynamic renormalisation group theory. 
This was principally developed by Halperin et al (1972, 1974, 1976) in an extension of 
the static renormalisation group theory discussed briefly above. The essential element 
is an equation of motion which replaces the effective hamiltonian of the static case; 
the dynamic behaviour near a critical point is found to be characterized by certain 
• universal quantities': See Hohenberg and Halperin (1977) for a review. However, a 
universality class is not defined solely by a few 'essential qualitative features as in 
the static instance, but is also found to reflect the fundamental conservation laws 
characterizing the motion. This is manifested in results which predict that the spectral 







Diagrammatic representation of important processes contributing to 
the soft-mode self-energy in the critical region above T: 
The leading frequency dependent contribution carrying critical 
singularities. This process is the dynamic precursor of that 
depicted in figure 1.2a. 
The dynamic precursor of the process shown in figure 1.2b. 
The dynamic precusor of the sum of processes represented 
by figure 1.2c. 
(After Bruce and Cowley 1980). 
a width whose q and t dependence is non-universal. When the specific heat is divergent 
the central peak is due to the non-linear interaction between the soft-coordinate and 
the thermal phonon-density fluctuations, as conjectured by Feder (1971) and Murata (1975). 
When the specific heat remains finite, this coupling can be neglected and the central peak 
(which may not be distinguishable from the phonon side-band) arises from non-linear 
coupling to non-thermal fluctuations: The process singled out by Silberglitt (1972), 
figure 1.3a, represents the leading contribution to the self-energy within an e expansion 
for that particular class of system. 
The renormalisation group analysis fails to establish the magnitude of the central 
peak width, or to predict the range of reduced temperature over which it should be 
visible. The very narrow central feature observed by Shapiro et all in the neutron 
scattering cross section of the phonon response function of SrTI 0 3 is not consistent 
with renormalisation group estimates, which suggest that for a displacive system the 
width of the critical scattering should not be very different from that expected for an 
overdamped soft-mode (Bausch and Halperin 1978). This intimates that a discussion 
based on a concept of two distinct timescalemay be Invalid. 
The above theories are linked by a common scheme, the use of perturbation 
theory within a reciprocal space basis of harmonic phonon coordinates This is a 
consistent way to approach the dilemma of the central peak, given that a system 
such as SrTi 0 3 is expected to be described by a weakly anharmonic crystal model 
(Cowley 1963). However, in practice the calculation of the soft-mode self-energy is 
not a trivial question and the results obtained do not present a clear picture of the 
two timescales observed in a displacive phase transition. A second approach provides 
a more conceptually appealing explanation of the longer timescale but is not analytically 
explicit: It associates the central peak with the existence of precursor clusters of local 
order (Schneider and Stoll 1973), which introduce an order-disorder component into 
the collective motion (Krumhansl and .Schr-ieffer 1975, Aubry 1975, 1976 a, b. Varma 1976). 
The concept of precursor microdomains was introduced within the framework of 
anharmonic perturbation theory by Silberglitt (1972), but here it plays a more crucial 
role as displayed in molecular-dynamics studies on a model system undergoing a 
structural phase transition (Schneider and StoIl 1973, 1976). The critical behaviour is 
described as follows: The critical growth in correlation length with reducing temperature 
is expressed in the appearance and growth of clusters (a group of adjacent atoms, all 
of which at a given instant are displaced to the same side of the high symmetry site), 
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each cluster persisting in a relatively well defined form for some typical lifetime t 
during which its boundaries may diffuse (or propagate) through the system. The two 
timescales can thus be visualized; firstly, each atom exhibits a relatively fast motion 
about a quasi-equilibrium position displaced from the high symmetry site and secondly, 
the quasi-equilibrium position itself evolves at a relatively slow rate determined by the 
time for which the cluster encompasses the atom in question. This explanation is 
clearly reminiscent of that of the order-disorder type of structural phase transition 
discussed earlier in the chapter. The central peak is analogous to that associated 
with the order-disorder system's collective inter-well mode', and is best regarded as 
the precursor of the superlattice Bragg peak which appears below T.  The central 
peak must have a non-zero, critically narrowing, width in q and w, reflecting the 
finite, but growing, range and lifetime of. the order associated with the precursor 
clusters. These results reveal a unity in the critical behaviour of order-disorder and 
displacive systems. At a characteristic temperature TCh>  T the growing coherence of the 
motion drives a displacive/order-disorder crossover. In the displacive regime (1 > 
Tch' 
the atoms oscillate predominantly about their high symmetry sites and the excitation 
spectrum is dominated by a softening high temperature phonon. In the order-disorder 
regime (TCh>  T > T ), the atoms oscillate about quasi-equilibrium positions displaced 
from the high symmetry sites to form clusters of dynamic precursor order: Under the 
stabilising influence of the clusters the high temperature phonon evolves Into Its 
low temperature counterpart without exhibiting a complete softenIng, while the critical 
slowing down is transferred to a cluster induced quasi-Bragg central component. 
The clusters are regarded as direct space manifestations of critiôal fluctuations and 
are associated with a precursor order parameter (Bruce et al 1980). The region 
Th> T> T C 
is therefore the range of temperature over which non-classical critical 
behaviour is evident. Consequently, the stronger critical fluctuations, the greater the 
deviations from classical critical behaviour, the more pronounced is the order-disorder 
character of the system and the more crucial the role of the cluster boundary. This 
idea has been developed by Bruce et al (1979). 
There have been several attempts to formulate analytic theories in one 
dimension for the cluster picture and the characteristic temperature Th  at which the 
central peak appears has been specified in various ways (Krumhansl and Schrieffer 1975, 
Aubry 1975, 1976 a, b, Bishop and Krumhansl 1975, Varma 1976, Bruce and Schneider 1977, 
Bruce 1978). These enjoy some limited success but, as yet, they have not been extended 
to systems of higher dimensionality. It may thus be seen that although the cluster picture 
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has an intuitive appeal, analytic expressions of this idea are of dubious merit with regard 
to the three dimensional systems of primary interest. 
A third approach, described in detail by Halperin and Varma (1976), considers the 
influence of crystal imperfections upon the static and dynamic critical response at a 
displacive structural phase transition. It is found that the predicted behaviour varies 
according to the symmetry and dynamics of a defect cell. In particular, an impurity 
frozen at a site which properly breaks the symmetry of the high temperature phase 
will couple linearly to the order parameter. This will induce a non-zero value of the 
order parameter in the neighbourhood of the impurity, even above the transition 
temperature, which will give rise to an elastic scattering peak whose magnitude 
increases as T tends to T. The problem of the extreme narrowness in frequency 
of the experimentally observed central peak is therefore resolved: The strain field 
surrounding an impurity stabilizes the low temperature structure (Axe et at 1974) 
and Introduces a Bragg-like component into the scattering. The role of defects at a 
structural phase transition is thus of crucial Importance and should always:be 
considered in the analysis of any experimental results. It is a major aim of this thesis 
to attempt to quantify the effects of Impurities at the• displacive phase transition In 
K Mn F 3  at T 186 K by using x-ray and neutron scattering techniques. 	 2 
This thesis is suivided as follows. Chapter 2 reviews some background theory 
for x-ray and neutron scattering and describes the experimental arrangements and 
major resolution degrading effects in both cases. Chapter 3 reports work requiring a 
high resolution x-ray scattering technique: The effects of dry etching on semiconductor 
surfaces was investigated by the use of two different x-ray scattering procedures. 
Chapter 4 contains the results of x-ray scattering measurements of the critical - 
behaviour at the R-point instability in pure K Mn F. . The critical exponents 0 , y and v 
describing the temperature dependence of the order parameter, the static susceptibility 
and the correlation length were determined. A second anomalous component was 
observed in the scattering cross section close to the transition temperature, which 
may or may not be analogous to the central peak discussed extensively above: The 
central peak has been observed in the dynamic response function in K Mn F 3 by 
Shapiro et at (1972). In an attempt to correlate the two phenomena, and also to 
pursue the role of defects at a displacive structural phase transition, x-ray and - 
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neutron scattering experiments have been performed on samples of K Mn F 3 with 
known impurity content. Chapter 5 describes the results of experiments on the two 
samples KMn099 M9 001 F3 and KMn 090 Mg010 F3 . 
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CHAPTER 2 
THE RESOLUTION OF TRIPLE AXIS SPECTROMETERS 
2.1 Introduction 
Traditionally, experimental studies of the microscopic character of structural 
phase transitions have been made by neutron scattering measurements of the 
order parameter and dynamic susceptibility. However, if accurate values of the 
critical exponents y and v are required, x-ray scattering is a more obvious 
technique since it automatically measures the static susceptibility, and has a 
considerably improved wavevector resolution over the best neutron triple axis 
spectrometers. The two scattering methods can therefore provide complementary 
information about the details of a structural phase transition. Furthermore, both 
techniques have applications which are distinct. 
X-rays have a wavelength comparable with the lattice spacing of a crystal, 
but an energy considerably greater than that of the lattice excitations (phonons). 
Consequently, the measured scattering cross section automatically integrates over - 
the energy, to give the differential cross section 
4 
do = f0co dod 
dO 	dOdw 
 
The major use of x-rays Is in structural crystallography, since the 
differential cross section is proportional to the structure factors of the Bragg 
reflections for elastic scattering 
= S(Q) = 	IF(Q)I 2 8(Qt h ) 	 ( 2) ( -d-oj 
\ 	'&.itk 
where t is a reciprocal lattice vector, and 
F (Q ) f ( k ) exp(+iQ.R k ) exp( - W k ) 
k 
The sum runs over all atomic sites R 
1<  in the unit cell, f ( k) being the form factor 
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and exp (Wk)  the Debye-WaIIer factor for the kth  atom in the unit cell. The 
Debye-Waller factor is the contribution to the scattering froj'p all single site 
non-interacting normal modes of the lattice vibrations. The total scattering cross 
section is an integral over the resolution broadened peak. 	 - 
X-rays also enable the static dielectric susceptibility to be determined since, 
in the one-phonon approximation for wavevector transfer Q, 
(do'\ 	= SQ) = 	 (4) 
'on,-phonan 	 h 
where 
(5) 
is the structure factor of the normal mode j, with eigenvector e(k,q). ..(q) is 
the static displacement-displacement correlation function, related in the classical 
approximation to the static dielectric susceptibility x J () by a factor 1/k 8T. It is 
assumed that only the normal mode is temperature dependent and that all other 
modes contribute to a constant background. This temperature dependence is described 
by the critical exponents - and v where 
X J (0) 	CtT 	
ce 
= f(x)t" 	 (6) 
where t (T/T 
C 
- 1) and 	is the correlation length in a direction . 
X-ray scattering is also a powerful non-invasive technique in the study of 
surfaces and interfaces, and has an immediate application in the characterization of 
heteroepitaxial semiconducting structures. The two methods employed are total 
external x-ray reflectivity, and glancing incident angle x-ray rocking curve and 
surface scattering analyses. It is possible to determine the electron density profile 
as a function of depth, the individual layer thicknesses, the interfacial roughness 
parameters and any lattice strain. 
Thermal neutrons have a wavelength which is comparable with the lattice 
spacing, as well as an incident energy of the same order of magnitude of that of 
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the collective excitations (phonons and magnons). It is possible to determine the 
total scattering cross section by using a two axis spectrometer, where the 
neutrons scattered in a particular direction are recorded irrespective of their 
energy. However in this case, since neutrons with different energy transfers h 
will have different wavevector transfers 0, the integrated intensity becomes an 
integral along a particular path in (Q,) space rather than simply an integral over 
w. In order to recover the latter, the variation in Q must be negligible for all 
frequency transfers that occur. This can be achieved with an incident beam of 
energy much larger than hw. 
Neutron scattering provides an accurate measure of the dynamic dielectric 
susceptibility providing the scattering from the fluctuations in the order parameter 
are well separated in frequency from the other modes of the same symmetry. 
	
I do" 	= k, 
dOdw) 
—S1(Q,w)=kL 	
J 	 (7) k i 	 k 1  
on.-_non 
The dynamic displacement-displacement correlation function 3'( q , ) is related to the 
imaginary part of the dynamic susceptibility by the following relation 
- 
(8) 
where n (w) is the phonon occupation number. The dynamic susceptibility can be 
approximated to that of a classically damped harmonic oscillator, provided the 
soft-mode frequency w 1  (q) is interpreted as an effective or renormalized 
frequency 
x 1 (q,w) = WJ (q) - 	- 2koI' 	 (9) 
where 1' is the damping coefficient. 
Neutrons have a third property which can be exploited in the experimental 
study of phase transitions, a magnetic moment V . The magnetic interaction 
between this moment and the electronic magnetic moment of a magnetic atom leads 
to scattering lengths of a similar order of magnitude as the nuclear scattering 
considered above The equations which govern the scattering are identical in outline 
to those of the nuclear interaction, and enable the spin-spin correlation function at 
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a magnetic phase transition to be determined, as well as the magnetic structure 
above and below a transition temperature. 
2.2 Description of Triple Axis Spectrometers 
2.2.1 X-ray spectrometer 
The essential elements of a triple crystal x-ray spectrometer are shown in 
figure 2.1 in the C+M,-S,+A] configuration. Here M, S and A refer to the 
monochromator, sample and analyser crystals respectively, and the signs to the 
scattering sense at each crystal. The angles 0 and 8 are determined by the 
crystallographic reflections at the monochromator and analyser crystals which 
collimate the incident and scattered radiation. They are normally equal, and are held 
constant in an experiment. The two angles which can be varied in any experiment 
are 	(the sample crystal setting angle) and cp = 2 & (the analyser/detector setting 
angle). 
The x-ray source for all experiments considered in this thesis was a 
rotating anode generator with a copper target. The spectral distribution of this 
target excited by 30 keV electrons is shown in figure 2.2. The CuK doublet at 
8 keV is of primary importance, the wavelengths are 
K = (1.54051±0.00058) A 
Cel 
K = (1.54455±0.00058) A 
092 
It. can be seen that 	ratio of the intensities of the K 	to K 	lines is 
approximately two to One; the intensity of the K 	characteristic line is considerably
Oel 
greater than that of the Bremsstrahlurig continuum. 
The monochromator and analyser crystals used were either mosaic (pyrolitic 
graphite) or 'perfect' (silicon or germanium) flat crystals. The different resolution. 
properties of these arrangements are considered later. It is possible for the monochromator 
to be curved (Johann monochromator (Johann 1931)) or to involve multiple reflections 
from the same sample (Bonse-Hart monochromator (Bonse and Hart 1965)) in order 
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The spectral distribution of a copper target excited by 30keV electrons. 
angular divergence of the beam incident upon the sample and the range of 
monochromatisation (err6r n the wavelength). 
The detector was a NaP (Ti) scintillation counter with an energy resolution 
window of 4keV FWHM at 8keV. This means that higher harmonics of the 
frequency (chiefly X/2=16keV) which may be passed by the spectrometer will not 
be counted. 
The use of the third'analyser crystal in an x-ray spectrometer considerably 
simplifies the resolution properties of the instrument. This is because it probes 
reciprocal space only, and is independent of the position in real space of the 
scattered beam. Consequently such direct space effects as 
- finite source size 
- intensity distribution within the source 
- beam path lengths 
- x-ray beam penetration in the monochromator and analyser crystals 
- sample size and shape 
can be neglected when using a triple axis x-ray spectrometer. 
2.2.2 Neutron Spectrometer 
A triple axis neutron spectrometer consists of the same essential elements 
asthe x-ray instrument described above, and is shown in figure 2.3. The 
monochromator angle & determines the nominal incident wavevector amplitude Ikl 
for the neutrons incident on the sample crystal, and the analyser angle & 
defines the scattered wavevector amplitude 1k II. Unlike the x-ray spectrometer, 
the two angles $ and 8 are not necessarily equal, and normally only one is held 
constant in an experiment. The sample crystal setting angle 	and Bragg angle 
are also varied. 
The neutron experiments described here were carried out at the thermal 
neutron source at the Institut Laue-Langevin, Grenoble, France. The nuclear reactor 
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Figure 2.3 
The essential elements of a triple axis neutron spectrometer in the 
[+M,-S,-A] configuration. 
Figure 2.4 
The Bragg case of X-ray diffraction from plane parallel crystal plates. 
processes as they pass through a moderating material (eg. D 20). The outgoing 
neutrons have a spread of energies which is approximately a Maxwell-Boltzmann 
distribution with a peak corresponding to a neutron wavelength of X=1.2A. It is 
possible to shift this peak by including a hot or cold source, to give the wavelength 
limits 0.4<X<0.8 A (hot source) or X>4.0 A (cold source). 
The monochromator crystal used in all experiments was a flat pyrolitic 
graphite crystal, and the analyser was either flat pyrolitic graphite or germanium. 
When pyrolitic graphite crystals are used higher harmonics of the frequency must 
be eliminated by inserting a filter (on arm 1 for fixed I ki), which lowers the 
probability of transmission of those harmonics. The filters employed were either 
pyrolitic graphite (I kI = 2.662 A 1 ) or cooled beryllium (I ki = 1.5 A) . However, if 
the beam is diffracted by a germanium (111) reflection at the analyser crystal, the 
systematic absence of the (2 2 2) reflection means that the X/2 component can be 
completely eliminated. 
The neutron beam is passed through collimators on all three arms of the 
spectrometer in order to restrict the horizontal and vertical divergence of the 
transmitted neutrons. A monitor is placed on arm 1 which counts the number of 
neutrons incident on the sample. Consequently in a scan the number of neutrons 
reaching the detector is counted for a fixed monitor count. This compensates for 
inevitable fluctuations in the incident neutron flux. 
2.3 The Wave Dynamical Theory of X-ray Diffraction for an Ideal Crystal 
In a crystal which has negligible mosaicity and a perfect lattice, the wave 
dynamical theory of x-ray scattering provides a general theory of diffraction, in which 
normal absorption as well as the interaction between incident and scattered 
radiation are taken into account (Zachariasen 1945). Normal absorption occurs for all 
directions of incidence, but extinction is an additional absorption that arises when the 
Bragg equation is exactly or nearly satisfied. The wave kinematical theory of diffraction 
neglects both normal absorption and extinction since it assumes that the incident x-ray 
wave suffers no change as it enters the crystal medium. In other words, the contribution 
to the electric field inside the crystal which comes from the diffracted waves is neglected. 
In fact the incident and diffracted waves form a coupled system and the general theory 
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of x-ray diffraction becomes a problem in dispersion theory. The wave kinematical • theory 
is a first approximation to the wave dynamical theory in the limit of small crystals, and 
as will be shown, can adequately predict the direction of diffraction maxima in the case 
of larger crystals as well. 
The solution to the dynamical theory which is of interest is that for the 
Bragg case, where the diffracted wave leaves the crystal via the same boundary as 
it entered (figure 2.4). In the limit of a thick crystal, with negligible normal absorption, 
the intensity of the diffracted wave is found in terms of a function y (rotating 
crystal method) 
y = 1 - (& - &)sin28 /K kNI 
	
(10) 
where K=1 for normal and K= I cos 28bI  for parallel polarization, 8b  is the Bragg 
glancing angle, and 8 the actual glancing angle, and with 
	
= - e2 F /mw 2 Ve 
	
(11) 
where V is the crystal unit cell volume, w is the x-ray angular frequency and F h 
is the structure factor for the reciprocal lattice vector t 
F = 	f(k)exp(+it .R k )exp( -W k ) 	 ( 12) 
k 
for atoms of type k in the unit cell. 
The solution for the ratio of diffracted intensity I 
d 
 to the incident intensity 1 is 




'd /I = 1- 
I(1h/y2) 	 lyl > 1 
giving the curve shown in figure 2.5 the •Darwin curve see Darwin 1914). The region 
ly I <1 .corresponds to 28b > 7t that is, to total external reflection. The centre of the 













The solution to the wave dynamical theory of X-ray diffraction for a 
perfect crystal, commonly called the Darwin curve, which effectively 
gives the spectral reflectivity from a sample as a function of incident 
angle. 
Figure 2.6 
The Ewald sphere construction for elastic (Bragg) scattering. k and 
k are the incident and scattered wavevectors and v the reciprocal 
lattice vector. 
In practice, this deviation from the Bragg glancing angle is negligibly small. 
These results show that the intensity of the diffracted beam decreases with an 
increase in the structure factor of the Bragg reflection; consequently extinction 
causes a larger reduction in intensity for a strong reflection than for a weak 
reflection. 
The tails' in intensity corresponding to large lyl arise because the crystal is 
semi-infinite in extent perpendicular to its surface (ie. because there is a step function 
in electron density at the surface). Consequently the scattering in reciprocal space is 
resolution limited in the crystal plane, but extended in a direction normal to the surface. 
This has been discussed using a kinematical approach by Andrews and Cowley (1985) 
and independently by Robinson (1986), and will be considered in more detail later. 
Normal Absorption 
The penetration depth of the x-ray beam is limited by photoelectric absorption 
(the transfer of energy to ejected electrons). It can be described by a linear absorption 
coefficient V, which is defined as the fractional intensity decrease per unit length of 
path through the medium. The penetration depth is typically tens to hundreds of microns. 
The qualitative effect of normal absorption on the diffracted intensity for a thick crystal 
is shown in figure 2.5. 
Real Crystals 
In the majority of real crystals the total integrated intensities of the x-ray 
reflections are found to be stronger by a factor of ten or more than predicted by 
the wave dynamical theory and the experimental measurement of the half width of 
the diffraction maxima amounts to minutes of arc instead of the few seconds of arc 
which theory predicts. Furthermore, experiments show that the diffraction pattern for 
a given reflection of a given crystal species- varies within wide limits from one specimen 
to another. The other scattering mechanisms which should be taken into account, 
incoherent (Compton) scattering which occurs everywhere in space (see Compton and 
Allison 1935), and thermal diffuse scattering (disorder due to heat motion) which is 
isotropically distributed about a Bragg reflection, cannot explain this difference. Therefore 
the crystal must consist of 'mosaic blocks', each being in itself an ideal crystal but 
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adjacent blocks being misoriented with respect to each other (Darwin 1914. 1922).. The 
extinction within any one block is thus as described above, and is called primary 
extinction, whereas the power loss due to the beam path through previous mosaic 
blocks is called secondary extinction. 
In a real crystal the width of a diffraction maximum is limited by the mosaic 
spread (angular variation between blocks) of the sample, while the intensity varies 
according to the size of the mosaic blocks; the Darwin curve is usually approximated 
to a gaussian or error function so that the tails in intensity may not be visible. 
2.4 X-ray Experiments: Resolution Effects 
The geometrical arguments which determine the direction of a scattered x-ray 
beam can be summarized by the Ewald sphere construction in reciprocal space, 
shown in figure 2.6. The Bragg condition is satisfied when a reciprocal lattice point 
lies on the surface of the Ewald sphere and 
k =k +t 
	
(15) 
f 	I 	I, 
for elastic scattering. Here k and k are the incident and scattered wavevectors, 
t is a reciprocal lattice vector, and 
lkl=lkl=k=27r/X 	 (16) 
r 	I 	0 
It 
II 	 0 
1=2k sin 9/2 	 (17) 
The major resolution degrading effects of a triple axis x-ray spectrometer are 
now considered. In reciprocal space, each effect causes an uncertainty in the position 
of a reciprocal lattice point in a specific direction. As implied above, the diffraction 
pattern shown in figure 2.5 will only be realised in practice if a crystal has a small 
mosaic spread. For the moment, it is assumed that this is the case for all three 
crystals in a triple crystal x-ray spectrometer. Consequently there will be two 
degrading effects associated with each crystal, the Darwin tails (or surface streak) 
due to the finite extent of the crystal in one direction and the small but non-zero 
mosaic spread. The monochromator crystal has only one variable associated with it 
and so these two effects are superimposed along the same direction in reciprocal space; 
for the analyser crystal (which also has only one associated variable) they are aligned 
along a different direction. These two directions vary according to the reciprocal lattice 
point under investigation. NB. in the following simplified discussion the difference in 
uncertainty (that is, the difference in amplitude) between the two effects is not 
considered (the reader is referred to Cowley (1987) for a more precise treatment). 
In the case of the sample crystal, the surface streak remains perpendicular to the 
sample crystal surface at all reciprocal lattice points, while the direction of the 
uncertainty associated with the sample mosaic spread varies depending on the reciprocal 
lattice point under investigation. 
The resolution degrading effects can be summarised as follows 
the angular uncertainty due to the monochromator mosaic spread 
(in reciprocal space this also corresponds to the monochromator surface 
streak) 
	
Aa s 	the angular uncertainty due to the sample mosaic spread 
the angular uncertainty corresponding to the sample surface streak in 
reciprocal space 
the angular uncertainty due to the analyser mosaic spread (in reciprocal 
space this also corresponds to the analyser surface streak) 
the vertical divergence of the incident and' scattered beams 
X 	the wavelength spread of the incident beam 
Each of these degrading effects causes an uncertainty in either the angle 	or in p 
or in both. The corresponding reciprocal space uncertainty or uncertainties can be 
evaluated 	from the diagram in figure 2.6. Any uncertainty A in 	causes a small 
rotation of the vector triangle about the origin of reciprocal space, and the associated 
spread in wavevector is in a direction perpendicular to t 
q= 21< 0 	sin p12 
	
(18) 
where q̂  is a unit vector in the direction perpendicular to t . Similarly, any 
uncertainty Aq in p causes a small' rotation of the Ewald sphere about its centre and 
the associated spread in wavevector is in a direction perpendicular to k 
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A q = kAp (cos (p!2 	- sin p12 q) 	 (19) 
where q̂  is a unit vector in the direction parallel to T 
h 
The corresponding behaviour of the major resolution degrading effects in 
reciprocal space can be calculated in terms of Aq and A q 
A8 	The error due to the monochromator causes and p to rotate through 
O, which implies that in reciprocal space 
Aq ~ + A q
cp 
 kA(cospI2q 11 +sinp/2q) 	 (20) 
which is a streak at an angle p12 to t and hence perpendicular to k. 
The sample mosaic spread causes 	to rotate through z8 while p is 
constant and well defined. Hence in reciprocal space 
q 8 = A q= 2 k 0 A sin p/2 q , 	 (21) 
which is a streak perpendicular to t. 
A: In reciprocal space the sample surface streak lies in a direction perpendicular 
to the sample crystal surface. at all reciprocal lattice points. 
& 	The analyser mosaic spread causes p to rotate through t 	and 
defines the range of angle which the detector system will accept. In 
reciprocal space 
= Aq; k 0 8( cos p12 q 11 - sin p12 q) 	 (22) 
which is a streak at an angle - 912 to tand hence perpendicular to k. 
The vertical divergence of the beam is not observed in the plane of 
reciprocal space which is defined by the spectrometer. It is normally 
limited to "p0.5 0 by a horizontal slit. 
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A A The wavelength spread of the incident beam also has a specific locus in 
reciprocal space which must be calculated via Bragg's law. 
X= 2dsin8' 
dX2dcos$'d3' 	- 	 (23) 
A8'"AX/X tan8' 
The monochromator rotates by an angle A 8' ' where 
m 
AX/A tan8' 	 (24) 
the sample by an angle A8'X 
AX/A (tan8'-tan8') 	 (25)in 
(the negative sign arises because the scattering sense is [+M,-S,+A]), 
and the analyser by an angle A 8' X 
AX/A (tan8'-tar,8') 	A8' 
= AX/X(tan8'-2tan8'+tan8') 	 (26) 
In practice, &m= 8' so that 
A8' > A p X = 2AX/X (tan8'-tan8') 
(27) 
A8' >' A )'= AX/A (tan 8'-tan8') 
and the ratio of Ap >' to AX  is two to one. The corresponding 
uncertainty in reciprocal space is 
Aq= Aq
4)
+ 2Aq 	= 2kAq >'cosp/2' 11 	 (28) 
which is a streak parallel to t 
The loci of these major resolution degrading effects combine to form a 
'star-like' pattern in reciprocal space for a triple crystal (+1,-S,+1) x-ray spectrometer 
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when the mosaic spreads of the three crystals are small (see figure 2.7). If this is 
not the case, the diffraction curve for each crystal is that of a gaussian function with 
a width determined by the mosaic spread, and the expected resolution pattern in 
reciprocal space is an ellipse. The predictions will be compared later with experimental 
measurements. 
The Accessible Region in Reciprocal Space 
All x-ray diffraction experiments were carried out on extended face crystals 
in reflection geometry (Bragg case) as shown in figure 2.4. This maximises the 
signal amplitude, but considerably restricts the available region in reciprocal space 
since if the beam is diffracted back into the sample it cannot be observed. Figure 
2.8 shows the available area for the (+1,-S.+1) spectrometer configuration. 
Absorption Correction 
The use of extended face crystals in reflection geometry means that the 
absorption of the x-ray beam is dependent upon the angle between the incident 
beam and the sample crystal face, . Specifically, the correction term for the 
integrated intensity (and peak intensity) of the diffracted beam at a Bragg reflection is 
I
Out ' " I In = 1/1+sinqi/sin(p-q)) 	 (29) 
where V is the coefficient of linear absorption. Consequently the two reflections 
(h k 0) and (h -k 0) which have the same Bragg angle, will have different intensities 
since their sample angles 	differ. The geometrical construction for diffraction at 
these two reflections is shown in figure 2.8. 
Lorentz Correction 
The Lorentz factor is a geometrical term which corrects the measured 
intensity of a Bragg reflection for the different rates at which a reciprocal lattice 
point sweeps through the diffraction sphere. The correction term for the integrated 
intensity of a Bragg reflection is 
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The combined loci in reciprocal space of the major resolution degrading 




The accessible region in reciprocal space for an X-ray E+M,-S,+AJ 
experiment on an extended face crystal in reflection geometry. The 
geometrical construction for diffraction from the (530) and (5-30) 




There is some doubt if this correction term is always valid for a triple crystal x-ray 
spectrometer (see Cowley 1987). 
2.5 X-ray Experiments: Actual Resolution Measurements 
2.5.1 Low Resolution: Flat pyrolitic graphite monochromator and analyser crystals, 
silicon sample crystal. 
The pyrolitic graphite crystals are disordered within the hexagonal basal plane 
but have a mosaic structure around the hexagonal c axis 10 0 0 1); the distribution 
of orientations of the mosaic blocks can be approximated by a gaussian function as 
discussed above. 
Some measurements of the resolution function at the Bragg reflections 
(400) and (4-40) are shown in figure 2.9 (pre-monochromator slit width 0.5mm). 
In the case of a mosaic crystal this slit effectively controls the mosaic spread of 
the moriochromator t8 since it restricts the area of crystal illuminated. It can 
be seen that the resolution is dominated by ia and i$ , and that to 
approximate Am  by a gaussian function may be inappropriate. 
The reciprocal space resolution is therefore fixed to be "2x10 3 A 1 in one 
direction by the analyser crystal, and can be varied between 2x10 3 A 1 and 
2x10 2 A 1 in the perpendicular direction depending upon the pre-monochromator slit. 
2.5.2 High Resolution: Flat germanium monochromator and analyser crystals, GaAs sample 
crystal. 
The germanium crystals have a very small mosaic spread and can be considered 
perfect crystals. All major resolution degrading effects can be observed in an • 
experiment, as shown in figure 2.10 for the (400) and (42 2) Bragg reflections. 
The s-ilicn monochromator and analyser crystals fix the reciprocal space 
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The resolution of a triple crystal X-ray spectrometer with pyrolitic 
graphite monochromator and analyser crystals; silicon sample crystal 









The resolution of a triple Crystal X-ray spectrometer with germanium 
monochromator and analyser crystals and GaAs sample crystal, for the 
(400) and (422) Bragg reflections. The contours refer to the levels 
0.1%-1%, 1%-10% and 10%-100%. 
graphite. However the higher resolution means that the K 	component from the 
copper K source must be specifically eliminated. This is achieved by introducing a 
knife edge or narrow slit after the monochromator where the K and K are 
spatially separated. 
2.6 Neutron Experiments: Resolution Effects 
The neutron wavevector and energy transfers to the sample are defined as 
Q=k I  - k f 	 fiw=h2/2m(k I 2-k f 2
) 	 ( 31) 
Hence the sample must be set at an angle 8 to the direction of k where 
8 = 	cos (k 1 .k , /k 1 k) 
	
(32) 
Elastic scans correspond to hw=O, that is, 1k 1 1= IkI (as for x-ray diffraction), 
but inelastic scans (h)tO) mean that either (kI or IkI must be fixed in order 
to determine 0 and hw uniquely. 
The major resolution degrading effects of a triple axis neutron spectrometer 
are the following 
- mosaic spreads of the monochromator, analyser and sample crystals 
- finite vertical and horizontal collimation on the spectrometer arms 
As mentioned previously, the distribution of orientations of the mosaic blocks of a 
crystal can be approximated by a gaussian function. In addition, assuming gaussian 
transmission functions for the collimators, a general formulation of the resolution 
function of a triple axis neutron spectrometer has been derived by Cooper and 
Nathans (1967). The resolution function is shown to be 
R(X) = Rexp(-1ì'2XMX) 	 (33) 
where 
X(6Q,8(tiw)) 	 (34) 
2.15 
and 8Q and 8thw) are errors in the wavevector and energy transfers respectively. 
R 
0 	 kI 
and the elements M of the matrix M are functions of I k I. Q, w, the 
I 
monochromator and analyser mosaic spreads and the horizontal and vertical 
collimations. 
For any straight line through the coordinates Q and w, the resolution 
function is a gaussian function of 6Q and 8w. The resolution ellipsoid is defined 
by 
k4 I4 
E EM ki X k  X I  =1.386 	 (35) 
k1 	I1 
when the resolution function assumes the value 1/2 R. 
The Cooper and Nathans formulation has been extended by Werner and Pynn 
(1971) to include the effect of the sample mosaic spread, and considerable work 
concerning the normalization factor been completed by Dorner (1972) and by 
Chesser and Axe (1973). 
Other resolution effects such as extinction, normal absorption, and the 
Lorentz correction will affect the intensity of a Bragg reflection as for x-ray 
diffraction, although the experimental configuration of a small crystal bathed in a 
beam means that normal absorption is just a function of the crystal thickness and 
is independent of the angle of. incidence; Incoherent scattering arises from the 
presence of different nuclear isotopes of the scattering atoms, and also from different 
directions of the nuclear spin relative to the spin direction of the incident particle, 
and is isotropic in space. Multiple scattering (scattering of neutrons by Bragg reflection 
many times within a single block of crystal) can also be important. 
2.7 Neutron Experiments: Actual Resolution Measurements 
2.7.1 Low Resolution: Pyrolitic graphite monochromator crystal, germanium analyser 
crystal, pyrolitic graphite filter, KMn 099 Mg 0 01 F3 sample crystal. Collimator 
angles 0.66 0, 0.5 0, and 0.33 0 . 
The resolution function of the Bragg reflection (200) is shown in figure 
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The resolution of a triple axis neutron spectrometer with pyrolitic 
graphite monochromator crystal, germanium analyser crystal, cooled 
beryllium filter, 0.66 0 , 0.5 0 , 0.33 0  collimators. The reflection Is the 
(0 1 1) reciprocal lattice point for a KMn 0 99 Mg0 0 F 3 sample crystal 
at 1=200K. 
energy scan. It can be seen that to approximate the resolution function as a 
gaussian in all directions and energy may be inappropriate. In particular, the mosaic 
spread of a sample (as seen in a transverse scan) is rarely gaussian in shape. The 
maximum energy width of the resolution function is found by scanning the energy with 
a Vanadium sample, since this scatters isotropically in space. 
The resolution in wavevector is -0.07A 1 (FWHM) in the transverse direction, 
.0.032A 1 in the longitudinal direction, and 0.10THz (Bragg width) and 0.12THz 
(Vanadium sample width) in energy. The vertical divergence, determined by the natural 
collimator heights and the size of the crystal, was approximately 3.0 0 . 
2.7.2 High Resolution: Pyrolitic graphite monochromator crystal, germanium analyser 
crystal, cooled beryllium filter, KMn 099 Mg 001 F3 sample crystal. Collimator 
angles are 0.66 0 , 0.5 0 and 0.33 0 . 
The resolution function of the Bragg reflection (0 11) when a cooled Beryllium 
filter is included, is shown in figure 2.12. The widths (FWHM) are -0.023A 1 in the 
transverse direction, 0.0063 A 1 in the longitudinal direction, and 0.014THz 
(Bragg width) and -O.O2 THz (Vanadium sample width) in energy. The vertical 
divergence was again 3.0 0 . 
2.17 
CHAPTER 3 
AN EXAMPLE OF HIGH RESOLUTION X-RAY SCAUERING: 
INVESTIGATION OF THE EI-l-hCTS OF DRY ETCHING ON GaAs SURFACES 
3.1 Introduction 
Two different x-ray scattering methods have been used to study the effects 
of the dry etching technique upon the surface of GaAs wafers. The first uses total 
external reflection of x-rays, which occurs for sufficiently small angles of incidence 
(Cowley and Ryan 1987 and references therein). A measurement of the reflectivity 
as a function of angle of incidence provides information about the refractive index, 
and hence electron density, as a function of depth. A complementary technique, 
applicable only to crystalline materials, is to measure the surface scattering close 
to a Bragg reflection. This scattering arises from the abrupt termination of the 
crystal lattice and has been described in detail by Andrews and Cowley (1985). It 
provides information about the roughness of the crystal interface only. 
3.2 Dry Etching Technique 
The dry etching was performed by R. Cheung of the Department of Electrical 
and Electronic Engineering, Glasgow University. 
Many devices based on gallium arsenide and other Ill-V compound 
semiconductors are in production or development for various electronic systems. 
These systems include digital and optoelectronic integrated circuits (high-speed 
signal processing and fibre-optic communications), monolithic microwave circuits 
(e.g. radar) and optoelectronic equipment such as lasers and photodetectors. Also, 
devices based on quantum effects (which require structures on a length scale of 
50nm) are being developed on these materials (Thorns et al 1986). Etching is an 
essential part of the fabrication of such devices, and dry etching is a particularly 
useful technique since it can produce near step function profiles on the surface of 
the device. 
3.1 
The dry etching method assessed in the x-ray experiments was one of 
reactive ion bombardment using SiCI 4 molecules. The gas enters a plasma between 
two parallel aluminium electrodes, supplied by a 13.56 MHz radio frequency, where it 
is ionised. The GaAs wafer is placed on the lower electrode, which is at a 
temperature of '.40 ° C and to which is applied a DC bias. The gas flow through 
the region is controlled at 30 cc / miii and the pressure constrained to be 30-40 m torr. 
The etching is primarily achieved by means of a reaction between the freed chlorine ions 
and the gallium and arsenic atoms of the wafer, which produces GaCl 2 and AsCl2 . 1 
These products are thought to be volatile at the temperature and pressure concerfed 
which means they will be swept away. However, there will also be damage to the etched 
region caused by the following 
- collisional processes resulting from direct ion bombardment 
- deposition of compounds produced in the plasma 
- deposition of material from the vacuum chamber and electrodes 
- redisposition of sputtered substrate material in polycrystalline form 
- diffusion into the surface of the reaction products 
Assessment of the extent of this damage in terms of the deterioration of the 
performance of electronic devices has been made by Doughty et al (1985, 1986) by 
measuring the 'ideality factor' of Schottky diodes. Photoluminescence measurements 
were also made for diodes which had been irradiated with 633 nm He Ne laser light. 
All of these results only provide information about the deterioration with dry etching 
of electrical conductivity and semiconducting properties. X-ray techniques contribute 
additional information since they probe the structure of a material. 
3.3 ExperImental Results 
The incident and scattered x-rays were collimated by reflection from the (111) 
planes of germanium crystals. 
3.3.1 Reflectivity Measurements 
The measurements were performed by choosing some scattering angle p, 
and scanning the angle of incidence '4.i (which is less than 	the critical angle) 
3.2 
to find the integrated intensity of the specularly reflected beam from all parts of 
the surface. This is analogous to a rock ing-curve' measurement of a Bragg 
reflection to find the mosaic spread of a sample. The profile of the curve reflects 
the macroscopic flatness of the surface, on a millimetre or centimetre scale. The 
reflectivity R is this integrated intensity, which is found as a function of scattering 
angle p. It is convenient to describe the results in terms of a function T= R p 4 . 
for reasons discussed in the next section. Shown below are the reflectivity results 
for the control GaAs wafer (figure 3.1) and the dry etched sample (figure 3.2). 
The effect of wet etching the second sample is to drastically change the results 
(figure 3.3). 
3.3.2 Surface Scattering Measurements 
The GaAs crystals were aligned with the [110] and COO 1] directions in 
the horizontal plane of the diffractometer. The mosaic spread of the GaAs control 
wafer was found to be 0.008 ° . The surface scattering at a Bragg reflection has 
the form of resolution limited streaks with wavevectors perpendicular to the surface 
(Andrews and Cowley 1985). The measurements were made near the (113) Bragg 
reflection which means that the surface streak is easily resolved from other 
resolution degrading effects. Also, since the reflection has a small incidence angle 
1.5 0 , a greater proportion of the scattering will originate in the surface 
layer. 
The intensity was measured by scanning the wavevector q 	(0) through 
the streak at various positions of the wavevector offset q Y = ( OOQ (that is, centered 
at Q = T 
h 
± q) and integrating over the scan. The intensity is corrected for 
absorption, the Lorentz factor and thermal diffuse scattering. The result for the 
second (dry etched) sample is shown in figure 3.4a. together with the same 
measurements after wet etching (3.4b). 
3.4 AnalysIs of Results 
3.4.1 Reflectivity Measurements 
The specular reflectivity of a system consisting of a layer of thickness d, 
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Rgure 3.1 
Spectral reflectivity result for the control GaAs sample. The solid line 
is a least squares fit to the model described in the text, and gives a 
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Figure 3.2 
Spectral reflectivity result for the dry etched (100W, 30V DC bias) 
GaAs sample. The solid line is a least squares fit to the model described 
in the text, and jives a surface layer of -200A with an electron density 
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Figure 3.3 
Spectral reflectivity result for the second sample after boiling in H Cl 
for thirty minutes. The solid line is a least squares fit to the model 
described in the text, and shows the surface layer to be completely 
removed leaving a surface roughness of 38 A. 
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where 
a = 2cos(47rfd/X) 	 (2) 
and the amplitude reflectivities at the interfaces are 
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	 (4) 
where 	(i) is the critical angle for layer i. For 	the interface 
reflectivities can be written 
12 42 	 23 	42 
Consequently the denominator in the expression for R contains a term 	and the 
data is represented in the form T = R p 4  where p = 2. The roughness of the 
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+ f2 )exp (_1/2(4asin(/X))2) 	 (6) 
where a 
1  is the root-mean-square value of the 1-2 interface, with a similar 
expression for the reflection coefficient r. which depends on a surface roughness 
As can be seen in figures 3.1, 3.2 and 3.3 this model adequately 
describes the results. The steady decrease of T with increasing p is due to the 
surface roughness; the oscillations arise from the interference between waves 
reflected from the first and second interfaces, and the period of oscillation gives an 
3.4 
accurate measure of the layer thickness d. The amplitude of the oscillations is a 
measure of the difference in electron density between the layer and bulk, the 
increase in the relative amplitude of the oscIllations with (p describes the interface 
roughness a 
2• 	 - 
The parameters were fitted using a least squares fit to the experimental 
results and are listed in table 3.1 below. As can be seen in the results for the 
GaAs control wafer, a 26A layer is observed on the surface of the sample. This 
layer has an electron density difference of -9 % from the bulk, and is probably an 
oxide layer. It is generally known that GaAs when exposed to air grows an oxide 
layer over a period of time. We find this layer stabilizes at a thickness of 26 A. 
A surprising result is found in the dry etched GaAs sample. A layer of 
200A with an electron density differing by 22% from that of the bulk GaAs is 
clearly observed (figure 3.2). This layer has to be of nearly constant thickness over 
a length scale of tens of millimetres to produce regular oscillations in the 
reflectivity curve. The values of the roughness parameters a and a 2 indicate that 
both the bulk-layer and layer-air interfaces are nominally smoOth. This layer cannot 
be an ordinary oxide layer, amorphous GaAs. GaCl 2 or AsCl 2 , since the 
difference in electron density is too great, and hence must have arisen from 
deposition of material from the vacuum chamber and/or electrodes. 
When this second sample was wet etched by boiling in HCI for thirty 
minutes, the anomalous layer was entirely removed and a surface roughness of 
30 A introduced to the GaAs wafer. 
3.4.2 Surface Scattering Measurements 
The analysis of the surface data collected near the (113) Bragg reflection 
for the samples was carried out using the theory developed by Andrews and Cowley 
(1985). According to their kinematical approach the intensity of scattering arising 
from a flat and sharp interface varies with wavevector q as q 2  (Bragg peak or 
Darwin tails' as discussed in chapter 2). There are two models for including the 
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0.81 	- 	2.23±0.03 
1.55 14.0±1.3 	- 
0.58 	- 	2.20±0.02 
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Surface scattering measurements for the (1 1 3) reciprocal lattice point 
for (a) the dry etched GaAs sample (b) the same sample after wet 
etching 
1(q) = A/q 2 exp(-(q 0)2) 	 (7) 
Alternatively, by introducing a fractal dimension to the surface 




where n is an exponent between 2 and 3. The data shown in figure 3.4 has been 
fitted to both these forms with the results shown in table 3.2. It should be 
noted that no oscillations are seen in the intensity as a function of q for curve 
a, figure 3.4, which suggests that the observed layer is not crystalline. The fits to 
the GaAs control wafer and the dry etched sample gives n'-2.2, which implies the 
surface in both cases is almost flat. This is further verified by the values of a 
obtained, 0 3 = 14A for the control wafer and a= 13A for the dry etched sample. The 
results for the second sample after wet etching in HCI give a value of n = 3.8 
which is unreasonable and indicates that the surface is extremely rough; the value 
of 0 obtained is 214 A. Since these measurements provide information about the 
termination of the GaAs lattice only, a is expected to equal 02  in table 3.1. It 
can be seen that the interface roughness found by the surface streak method is 
consistently greater than that found by the reflectivity technique. Both sets of 
results, however, indicate that the control GaAs wafer and dry etched samples are 
nominally smooth, and the effect of wet etching is to introduce a large surface 
roughness into the GaAs crystal. 
3.6 
CHAPTER 4 
DETERMINATION OF THE CRITICAL EXPONENTS AT THE R-POINT 
INSTABILITY IN KMnF3 
4.1 IntroductIon 
KMnF3 belongs to the family of perovskite type crystals containing SrTi 0 3 
which undergo an antiferrodistortive phase transition from a cubic phase (with space 
group Pm3m) to a tetragonal phase (with space group 14/mcm): The transition in 
SrTi 03 at I = 110K is that which has been most studied, and the theoretical results 
obtained in this case are expected to be generic. As discussed in chapter 1, it is 
generally accepted that such a phase transition is driven by an instability of the high 
temperature cubic phase against a three-fold degenerate zone corner (R 25 ) optic 
mode of vibration. The distorted phase, shown in figure 1.1, has a unit cell which is 
double that of the cubic phase, since the mode consists of alternate anti-phase 
rotations of the oxygen (or, in the case of KMnF 3 , the fluorine) octahedra. The 
transition is characterized by a three component order parameter with wavevector 
q ;  27t/a ( 1/2, 1/2, 1/2), and belongs to a universality class with n=3 cubic symmetry, 
and short range interactions, for which non-classical critical behaviour is expected. 
K Mn F3 undergoes this type of structural phase transition at a temperature of 186 K 
as found by Minkiewicz et al (1970), and further investigated by Gesi et al (1972). 
The transition is slightly first order when compared with the almost continuous 
transition in SrTi 0 3 . and the critical fluctuations are strongly two-dimensional. 
The research described in this chapter made use of a triple axis x-ray 
spectrometer to investigate the displacive phase transition near criticality in KMnF 3 , 
and is an extention of work by Andrews (1986) on SrT10 3 and by Ryan et al (1986) 
on RbCaF3 . As discussed in chapter 2, this technique enables a precise evaluation 
of the critical exponents associated with a structural phase transition, since the 
measured scattering cross section is an automatic integral over the energy and the 
wavevector resolution obtained is a considerable improvement over that of the best 
neutron triple axis spectrometers. The method provides a direct measurement of the 
static displacement-displacement correlation function in a system, and hence enables 
the effective lengthscale of the critical fluctuations at a structural phase transition 
4.1 
to be determined. The experimental investigations of the critical scattering in both 
SrTiO 3 and RbCaF3  revealed behaviour which is not consistent with classical intrinsic 
theories since the scattering profile exhibited an anomalous second peak (corresponding 
to a long lengthscale) superimposed upon the expected phonon profile (corresponding to 
a shorter lengthscale) at temperatures close to T. It will be shown that this is also 
the case for K Mn F3 . The work by Andrews suggested that the narrow component was 
resolution limited, but in the case of RbCaF3 and KMnF3 it transpires that both 
components can be resolved. An important question arises concerning the relationship 
between the central peak observed in neutron scattering experiments and the anomalous 
component observed here. Although the two features are not immediately comparable, 
they may be different manifestations of the same physical mechanism. 
Two experiments were performed, the first using pyrolitic graphite 
monochromator and analyser crystals and the second using silicon monochromator 
and analyser crystals. As discussed in chapter 2, this produces two different 
resolution arrangements. The KMnF 3  crystal was grown by the Bridgeman method, 
and samples of approximate size 5 x 5 x 5mm were cleaved from the boule. The 
sample showed visible signs of growth strains and gave an x-ray rocking curve 
width of "0.0085(5) 0 (FWHM). The sample was attached in a strain free manner to 
the cold finger of a closed-cycle cryostat, and oriented with the face normal [001] 
and a cubic [110] axis in the horizontal plane of the diffractometer. The scattering 
plane which was investigated was therefore (1-10). The temperature stability of the 
cryostat was ± 0.01 K and temperatures were measured absolutely with an accuracy 
of ±0.02K. 
The relevant soft-mode R 25  corresponds to rotations of the MnF6 octahedra 
about the three cubic axes, and hence has three components. It gives rise to 
scattering in the vicinity of the R-point in the cubic Brillouin zone, of wavevector 
The wavevector dependence of the frequency of the soft mode can be expanded as 
a Taylor series in q, there is no linear term in q when the order parameter has a 
high symmetry wavevector. In general the coefficients of the quadratic terms depend 
upon the direction of q and these may be reduced by symmetry for KMnF 3 (Cowley 
1980) so that 
	
2 	 2 
w (q) = ( 	
2 	2 
(0) + X(q +fq )/ 
	+ hq .q (1-8 ) 	(1) pq 	 ppq 	p q 	pq 
4.2 
The frequency is connected to the static dielectric susceptibility by the equation 
x p1q(q)= w(q)  pq 	 (2) 
The critical scattering (which is proportional to the static susceptibility) is hence 
Lorentzian in wavevector, the width depending upon the wavevector direction. 
The dispersion in the scattering about the R-point in KMnF 3 has been measured 
using neutrons by Gesi et al (1972), and is shown in figure 4.1. The observed parameters 
are X42.0±0.5 (THzA) 2 , f -0.99±0.01 and h = 0.14±0.04. The diffuse scattering 
is therefore of rod-like streaks along the cubic <100> directions in the cubic phase 
(Comes et al 1971), since f-1 and h is small. This can be understood qualitatively 
in terms of the rotations of the fluorine octahedra about a [100] axis. The fluctuations 
are highly correlated within the (100) plane due to a cogwheel motion between 
neighbouring octahedra. The inverse correlation length of these in-plane fluctuations 
is given by 
 





There is no similar strong correlation between atoms along the [100] axis because 
the shared interplanar fluorine atoms are stationary. 
The structure. factors for the phonon modes corresponding to rotations of 
the fluorine octahedra about the three cubic axes x, y, and z for wavevectors in 
the (1-10) plane are found to be F(Q) = F(Q) = F, and FQ) = 0. The expectation 
is therefore of large and equal scattering in the <qOO> and <OqO> directions 
(because f is close to -1), but little in the <OOq> direction (because FQ) = 0). 
The temperature dependence of the static susceptibility at q = 0 is described 
by the equation 
XL = xJ0) = CtYL 
	
(4) 
where the subscript refers to a Lorentzian scattering model. The exponent y  is unity 
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The phonori dispersion in the vicinity of the A-point in KMnF3 at 295 K. 
The solid curves show the calculated dispersion. (After Gesi et al 1972). 
Similarly the temperature dependence of the inverse correlation length of the 







= 27r/ , (5) 
where v is of the order of 1/2 in classical theories and somewhat larger when 
critical effects are important. 
When an antiferrodistortive phase transition such as in KMnF 3 occurs new 
Bragg peaks appear in the distorted phase as a result of cell doubling, the 
intensities of which are directly proportional to the square of the order parameter. 
The temperature dependence of the integrated intensity gives a measure of the 
exponent a used to describe the variation of the primary order parameter. 
4.2 Scattering from Random Fields 
Using a mean field approximation, the effect of symmetry breaking defects 
upon a perfect crystal is considered. The presence of isolated impurities frozen in 
symmetry breaking positions produces random static fields which couple linearly to 
the order parameter (lmry and Ma 1975) and produce a non-zero value of the local 
order parameter above T 0  in the vicinity of the impurity. This gives rise to so called 
Huang scattering (Huang 1947). Specifically, the increase in potential energy due to 
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where x pq (q) is the static wavevector-dependent susceptibility of the host. Hence 
the observed scattering is given by 





where c is the concentration of impurities. We therefore expect to see a Lorentzian 
4.4 
squared component in the structure factor (Halperin and Varma 1976). This component 
is more significant close to T where the phonon frequency is small. The amplitude of 
the Lorentzian squared scattering has a temperature dependence 
XL2 =x(0) = Dt
1L2 
	 (9) 
43 Experlmentai Results 
4.3.1 Measurement of T 
C 
The antiferrodistortive transition to a tetragonal phase occurs in KMnF 3 at 
186K and is generally found to be slightly first order. In this experiment the 
transition temperature was measured by monitoring the intensity distribution of a 
Bragg peak as the temperature of the crystal was lowered, using high resolution. 
A typical example is shown in figure 4.2. On cooling, the (004) cubic reflection 
splits into a number of different peaks at T, caused by the d 7main structure of 
the crystal in the tetragonal phase. The transition temperature is T=187.5±O.08K. 
Máetz et al (1978) predict that a cubic Bragg reflection will split into three 
tetragonal peaks below T,  each corresponding to a rotation of fluorine octahedra 
about one., cubic axis. At the symmetric (004) reflection the two domains with their 
c-axes in the plane of the crystal are superimposed, giving rise to only two peaks. 
However recent work on RbCaF 3 by Gibaud et al (1987a) shows this description to 
be inadequate because the domains are rotated with respect to each other. This 
analysis suggests that, around the (004) Bragg reflection, six peaks will be observed 
in a (1-10) projection below 1. 
In figure 4.2 only three peaks can be seen. It was found that the number of 
peaks detected corresponding to a given Bragg reflection and their relative intensities, 
varied as the x-ray beam was moved across the sample face. The intensities of the 
two major peaks of the (114) reflection below T  were measured as a function of 
position across the sample, using low resolution and are shown in figure 4.3. At the 
-2mm position there are approximately equal proportions of both domains, while at the 
+1.5 mm position one of them dominates. The total intensity is roughly constant across 
4.5 
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FIgure 4.2 
Intensity contour plot of the X-ray scattering from the Bragg peak 
(0 0 4) as the crystal is cooled through T , showing the abrupt splitting 
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Figure 4.3 
Peak X-ray scattering intensities (arbitrary units) of the two domains 
for the Bragg peak (11 4) at I = 160 K as a function of position across 
the sample face. The circles refer to domain 1, and the crosses to 
domain 2. The total peak intensity (the sum) is shown by the triangles. 
the sample face and the integrated intensity did not alter significantly with temperature. 
This suggests that the domains are of macroscopic size. 
A careful examination of a Bragg peak at a multi-domain point on the sample, 
using high resolution, shows five of the six peaks predicted by Gibaud and co-workers 
(figure 4.4). Their model can be tested by a measurement of the angle 8 in figure 4.4, 
which should correspond to tan 1  (c/aI2)  (see appendix 1). At T = 150 K. c/a t was 
measured as 1.0042 (1) from an analysis of the positions of the peaks in the <001) 
direction in figure 4.4. This predicts the angle to be 835.15(1) ° which is in good 
agreement with the measured angle & = 35(1) 0 . 
4.3.2 Measurement of the exponent 
As described in section 4.1, the temperature dependence of the integrated 
intensity of the zone boundary scattering below the transition temperature is 
characterised by the critical exponent 2. In a perovskite material such as KMnF 3 
the method is complicated by the systematic absence of one of the tetragonal 
peaks, below T.  at any superlattice reflection in the (1-10) plane . This means that 
if the relative proportions of the different domains are significantly temperature 
dependent the exponent 0 cannot be obtained. However, it is also possible to 
evaluate this critical exponent using x-ray scattering by a measurement of the 
tetragonal strain of the crystal as a function of temperature, since this is a 
secondary order parameter (see appendix 2). 
Figure 4.5 shows the intenity of scattering at the (0.5 0.5 3.5) reflection, 
measured using the low resolution configuration, as a function of position and 
temperature. On approaching T, the dependence of the scattered intensity does 
appear to vary across the sample face. The extent to which this is significant is 
shown in figure 4.6. These curves display the integrated intensity of the zone 
boundary reflection , measured using low resolution (graphite monochromator and no 
analyser crystal), at positions -2 mm, -1 mm and +1.5 mm on the sample face. This 
intensity is obtained from a measurement of the rocking curve which is then 
integrated over the scan. 
The data points for each curve were independently fitted over the range 






(002) BRAGG PEAK 
FIgure 4.4 
Intensity contour plot of the X-ray scattering from the Bragg peak 
(0 0 2) at T = 150 K showing the domain structure pattern as described 
in the text. In the <0 0 1> direction the peaks lie at two wavevectors 
only; the wavevector furthest from the origin in reciprocal space 
corresponds to the lattice parameter a 
t , and that nearer to the origin 
to the lattice parameter c. The angle 8 measured on the figure 
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Figure 4.5 
Integrated X-ray scattering intensity (arbitrary units) for the reciprocal 
lattice point (0.5 0.5 3.5), obtained in a measurement of the rocking 
curve, as a function both of position on the sample face and temperature. 
At this position in reciprocal space only two of the three domains 
contribute to the scattering. The different symbols refer to different 
temperatures - 
open circles T = 150K 
crosses 	I = 180 K 
closed circles T = 185 K 
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FIgure 4.6 
Integrated X-ray scattering intensity (arbitrary units) from the reciprocal 
lattice point (0.5 0.5 3.5), obtained in a measurement of the rocking 
curve on cooling through T. The three data sets were measured at 
different points on the sample face; set 1 at 2mm, set 2 at -1mm 
and set 3 at -2mm. The smooth curves are least squares fits to the 
power law I t as described in the text. The inset shows the 
integrated intensity, obtained with higher resolution, as the crystal was 
cooled through T at position +1.5 mm. The scale is also in arbitrary units. 
Temperatures up to 187.3 K were included in all cases and the transition temperature 
allowed to vary (giving a value T' ). The solid curves are the results of this fit and 
the dotted lines indicate the actual transition temperature for each set of data. 
Curve 1 shows an approximately continuous phase transition with T-.' 187.5 (1) K and 
exponent = 0.178. Curve 2 displays a definite first order transition with an abrupt 
jump at T 187.3 (1) K and 0 = 0.135. Curve 3 also shows a continuous transition with 
T'. 187.3 (1) K and 0 = 0.205. This suggests that the character and the temperature of 
the transition are not consistent across the sample face. 
The tetragonal strain in KMnF3 was measured using high resolution by 
monitoring the ratio of the positions of the domain peaks for the (004) Bragg 
reflection in the <001> direction as a function of temperature. The results are shown 
in figure 4.7. The solid curve is a least squares fit to the power law (ct/at -1) 	2 
with the transition temperature allowed to vary, whire the dotted line is the actual 
transition temperature. The fit gives T188.6 K and 	0.26. Table 4.1 contains a 
summary of the results for all measurements of the order parameter, which are 
discussed in section 4.4. 
4.3.3 Critical Scattering 
Introduction 
The wavevector dependence of the critical scattering above T was measured 
around the reciprocal lattice point (0.5 0.5 3.5) using both low and high resolution. 
The measurements were made at the +1.5mm position on the sample face where 
the scattering was most intense. Examples of low resolution scans parallel to [110] 
are shown in figure 4.8. The scattering profile was found to change as T was 
approached, with a temperature dependent width. Similarly, the scattering shown in 
figure 4.9, measured using high resolution, also has a temperature dependence. At 
this resolution it is only possible to detect extremely sharp components in the 
scattering profile, any broad part being indistinguishable from a uniform background. 
X-ray scattering measurements of the R-point instability in SrTIO 3 and RbCaF3 
have been made by Andrews (1986), Ryan et al (1986), and Gibaud et al (1987a, b). 
These crystals showed an anomalous profile in the critical scattering at the R-point 
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Measurement of the parameter ( c/ a - 1) as a function of temperature 
below ifor the Bragg peak (0 0 4). 
Table 4.1 : The Critical Exponent P. 
(Errors shown in brackets). 





























I 	 I 	 I 
—v v'+ -vv Z 	u UU 	0-04 	0-06 
WAVEVECTtJR 
FIgure 4.8 
The diffuse X-ray scattering obtained using the low resolution 
configuration for wavevector Q = (0.5+ 0.5+C 3.5) at various 
temperatures above T. The curves are least squares fits to a Lorentzian 
(anisotropic) plus a Lorentzian squared (isotropic) model convolved with 


















X-ray scattering obtained using the high resolution 
configuration for wavevector Q = (0.5 0.5 2.5+Q at temperatures 
close to 1. The curves are least square& fits to an isotropic Lorentzjan 
squared model convolved with the instrumental resolution function. 
above T which appeared to consist of two lengthscales. In SrTiO 3 the scattering 
was analysed in terms of a one-phonon component (Lorentzian) together with a 
resolution limited component. This second component first appeared some 10 K above 
T, and increased in intensity as T 
C 
was approached. In RbCaF 3 , a similar profile was 
measured using low resolution, but a closer investigation of the narrow component 
using higher resolution found it to be broader than the instrumental resolution, with 
a wavevector width which decreased' continuously to the resolution limit at T . This 
component was observed in the temperature range T-T+8K. 
The next section describes the analysis of the critical scattering measurements 
made on KMnF3 using x-ray diffraction. 
Analysis of Results 
The smooth curves through the data points in figures 4.8 and 4.9 are least 
squares fits to the trial function 1(q), where 1(q) consists of a model scattering 
function S(q) convolved with the instrumental response function R(q) 
l(q)= fS(q) R(q l-q)dq l 
	 (10) 
The fitting was performed on the Distributed Array Processor, (DAP) at 
the University of Edinburgh. The DAP consists of 4096 processing elements in a 
64 by 64 array, each of which executes the same instruction on an independent 
data stream. The program used was written for investigation of neutron and x-ray 
scatterThg data (see Mitchell and Dove 1985). Use of the DAP facilitates numerical 
integration over all three cubic directions, alleviating the need to approximate the 
vertical resolution by a triangular function. Also, the anisotropy in the scattering 
function can be included without significantly increasing the computational time. 
The theory of section 4.1 suggests that an appropriate model S(q) for the 
one-phonon scattering above T is an anisotropic Lorentzian. Pairs of scans with 
wavevectors in the directions <0.5 + 0.5 + 3.5> and <0.5 0.5 3.5 +) (obtained 
using low resolution) were fitted simultaneously to equation (10) with this model. 
The measured dispersion relation (Gesi et al 1972) gave f-1 to reasonable 
accuracy, and h small. The data was fitted keeping f-1, with h0 and h0.14, to 
4.8 
test the anisotropy in the dispersion (ie. the extent of coupling between rotations 
about different cube axes). In both cases, the amplitude x L and inverse correlation 
length XL  were varied, with a fixed background. The fit was assessed in terms of 
the goodness of fiV parameter G = I( 2/ degrees of freedom). Contrary to the 
results of Aridrews (1986) on SrTiO3 , the analysis of this data for the two different 
anisotropy parameters h produced identical values for both of the exponents VL  and 
1L 
This is probably because the scattering is more two-dimensional in KMnF 3 . 
Initially, data collected over the entire temperature range (Ta- T+50  K) was 
fitted to this model. The model was found to fit well for temperatures greater than 
T+8 K, with typical fits of G = 1.10 (T = 240 K) and G = 1.59 (T = 200 K). Closer to 
T the goodness of fit parameter was found to increase rapidly, for example, to 
G = 3.97 (T= 190K) and G =5.04 (T = 189K). Section 4.2 gives a theoretical 
foundation for the inclusion of a Lorentzian squared component in the scattering 
cross section at temperatures close to T.  of similar anisotropy and width to the 
Lorentzian component but different amplitude. However it was found this model did 
not significantly improve the fit (G = 3.95 (T = 190 K) and G = 5.03 (T = 189 K)). 
The recent work on SrTiO 3 and RbCaF3 described above' suggests that the inclusion 
of a second lengthscale in the scattering function would be appropriate, although 
the theoretical basis for this is still under discussion. Consequently the Lorentzian 
squared component was constrained to be isotropic, and of a different width to the 
Lorentzian part. The data was fitted to this model; the two amplitudes x x 
and two widths x x L2  were varied, again with a fixed background. Some 
examples of the goodness of fit are G = 1.61 (T = 190 K) and G = 1.74 (T = 189 K). 
The obtained values of the four parameters x L' 	2 L 	L' and x L2  as functions 
of the reduced temperature t = (T/T- 1) are shown in figures 4.10 and 4.11. The 
temperature dependence of these parameters is discussed below. 
A second experiment using high resolution was performed on KMnF 3 to 
establish the presence of the second lengthscale )cL2 . As mentioned earlier, this 
component was unresolved in SrTiO 3 and RbCaF3 (using graphite monochromator 
and analyser crystals), and found to be Lorentzian squared and isotropic with a 
temperature dependent width in RbCaF 3 (using silicon monochromator and analyser 
crystals). The scattering obtained for KMnF 3 , examples of which are shown in 
figure 4.9, was found to vary in amplitude and width with temperature. Initially, 
pairs of scans with wavevectors in the directions <0.5+ç 0.5+ 3.5>  and 
4.9 







Inverse correlation lengths obtained from the analysis as described in 
the text of the diffuse X-ray scattering, in units of 27r/a, for the 
reciprocal lattice points (0.5 0.5 3.5) and (0.5 0.5 2.5) (xs only). The 
closed circles correspond to data analysed using the anisotropic Lorentzian 
only model, with f = -1, h = 0. The crosses and triangles refer to data 
analysed using the Lorentzian (ariisotropic) plus Lorentzian squared 
(isotropic) model, the crosses to the Lorentzian inverse correlation length 
and the triangles to the Lorentzian squared inverse correlation length. 
The open circles refer to the high resolution data, the model being 
Lorentzian squared only, with f h = 0. In all cases the solid lines 
are least squares fits to the power law discussed in the text. 
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Amplitude (arbitrary units) obtained from the analysis as described in 
the text of the diffuse X-ray scattering for the reciprocal lattice points 
(0.5 0.5 3.5) and (0.5 0.5 2.5) (xs only). The solid lines are least 
squares fits to the power laws discussed in the text. 
<0.5 0.5 3.5+ç>  were analysed simultaneously in terms of an anisotropic 
Lorentzian scattering model, as for the low resolution data, but the fitted curves 
did not describe the results. Because of this failure, the Lorentzian squared form 
was fitted to the data; it was found that the fit would not succeed unless the 
anisotropy was removed. An adequate fit was obtained using an isotropic Lorentzian 
squared model of amplitude 	and width c. Some examples of fits obtained 
are G = 1.76 (1=188K) and G = 1.42 (T= 187.7 K). The obtained values of the 
parameters are shown in figures 4.10 and 4.11 as functions of t. As can be seen, 
there is little agreement between x L2  and x; this is probably due to the 
limitations of the assumed model. The measurements made using silicon 
monochromator and analyser crystals were difficult because of the weak scattering 
involved. The results were not easily reproducible being sensitive to external factors 
such as small changes of position on the sample face between measurements. 
Measurement of the Critical Exponents 
The critical exponents VL  and TL  corresponding to the anisotropic 
Lorentzian model are given by equations (4) and (5). The data from the 
temperature range I = 189 - 240K was fitted by a least squares technique to 
these equations with the transition temperature, the amplitude, and the exponent 
allowed to vary. The effective transition temperature found from this analysis is T C. 
The results are shown in table 4.2 and are discussed below. Similarly, the critical 
exponents. VL2  and TL2  corresponding to the isotropic Lorentzian squared 
component included in the analysis for T < 189K have been fitted to equations (5) 
(with XL2  and XL2)  and (9) for both the low and high resolution data. The results 
are shown in table 4.3 and are discussed below. In this temperature range the 
anisotropic Lorentzian component converged to a constant correlation length and 
amplitude at T as expected for a first order phase transition. 
The Character of the Lorentzian Squared Component 
The character of the narrow component shown in figure 4.9 was further 
investigated using high resolution. As shown in the inset of figure 4.6, a careful 
measurement of the integrated intensity of the critical scattering using silicon 
indicates a continuous phase transition. This was found to be consistent across the 












Table 4.2 : The Critical Exponent of the Lorentzian Component. 
(Errors shown in brackets). 
V 	I' 	/AI (f-I ) IKI 	 r '(T-T ) IK1cc 	I I 
31(6) 	
] 
-0.12 (0.03) 1.19 	(0.11) -0.12 (0.03) 
46 (5) - 1.4 	(0.1) - 
27 (5) -0.54 (0.10) 1.34 	(0.11) -0.74 (0.10) 
- 	 N - 1.386(0.004fl - 
Table 4.3 The Critical Exponent of the Loreritzian Squared Component. 
(Errors shown in brackets). 
VL2 N CL 
/A 	[f_T) /K 	
L2 	NT_TC /K 























-0.004(0.006) L- -1 
jumps abruptly to its tetragonal phase positions at T 
C 
(figure 4.12), as expected for 
a first order phase transition, the narrow component of the critical scattering does 
not undergo any discontinuous shift in position at T.  and is already displaced from 
the cubic R-point above T. This suggests that the scattering is due to a tetragonal 
structure with a fixed strain (c
t /at  ratio) just above T . A similar result was 
obtained in RbCaF 3 (Ryan et al 1986). 
4.4 DIscussion of Results 
4.4.1 Temperature Dependence of the Order Parameter 
The order parameter of the critical fluctuations below T at the R-point in 
KMnF3 has been measured using x-ray scattering in two ways. Integrated intensity 
measurements of the R-point scattering below T  (figure 4.6) were found to differ 
in temperature dependence across the sample face (see table 4.1) because domain 
proportions depend upon temperature. Close to T the influence of domains has 
particular importance since the character of the 'transition and the temperature at 
which it occurs vary. A quantitative measure of the temperature dependence of the 
domain volume distribution has been made for KMnF 3 by Tietze et al (1982) who 
found that the domain volumes are equally distributed at T  and grow rapidly to a 
saturation ratio of 70 :20 : 10 % at temperatures of T - 10 K and less. (In our 
C 
experiment we see the first two domains superimposed). Although this can explain 
the differences in the integrated intensity measurements close to the transition, we 
found the saturation ratio was not constant across the sample face. In conclusion, 
it is not possible to attach much significance to the values of the critical exponent 
obtained by this technique; the low values however do indicate the importance of 
extinction in a large sample. 
Measurement of the temperature dependence of the ratio of lattice parameters 
c and a (figure 4.7) gives an acceptable value for 0 since these quantities are 
insensitive to' the domain structure; our result is 0 = 0.26 (2). The nd3 Heisenberg 
model predicts 0 = 0.365(2) (Le Guillou and Zinn-Justin 1980). This exponent is 
appropriate asymptotically where the anisotropy parameter f is renormalised to zero 
at T (Bruce 1980). but is expected to be greater in systems with anisotropy f close 
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F!gure 4.12 
The positions of the peaks (0 0 4) (circles) and (0.5 0.5 3.5) (triangles) 
with respect to their cubic positions in the <0 0 1> direction as a function 
of temperature, all scans being measured using high resolution. The 
reciprocal space axis is in units of 27r/a. 
Aharony and Bruce 1974) that the tetragonal strain accompanying the phase transition 
has a temperature dependence described by where = 2- a - p. Here cp is a 
crossover exponent reflecting the instability of the Heisenberg fixed point against a 
perturbation of uniaxial symmetry. For nd3, they find 	0.85 which differs 
appreciably from the exponent 20 = 0.73 predicted by Landau theory. Our result is 
considerably lower than either of these values and even than the d 3 Ising model of 
0.315(2) (Fisher 1974). Ising behaviour is possible if the sample is single domain with 
an orienting mechanism (strain field) which selects the monodomain axis (Courtens 1972, 
Aharony and Bruce 1974). 
The critical exponent has been reported as 1/3  by Borsa (1973) (from an 
analysis of the quadrupole coupling constant) and also by Hirotsu and Sawada (1973) 
and Benard and Walker (1976) (from measurements of the birefringence). A more 
recent measurement of the lattice parameter a 
t 
by Sakahita et al (1981), using 
high-angle double crystal x-ray diffractometry, found the exponent to be 0=0.2875(6), 
in reasonable agreement with our result. Sakahita and co-workers suggest that the 
value of 0 is small because the weak first order phase transition occurs in the vicinity 
of a tricritical point (Aharony and Bruce 1979). Our results further substantiate this 
idea. Following the publication of the work by Sakahita and co-workers, the tricritical 
behaviour in KMnF 3  has been investigated by means of specific heat measurements 
(Stokka et al 1981). They found KMnF 3  to have two consecutive tricritical points joined 
by a second order line near p = 0.25 Kbar and T = 188 K for pressure applied along 
the <100> direction. 	 - 
4.4.2 Critical Scattering 	 -- 
One Phonon Scattering Description 
The one-phonon scattering from the R 25 mode is adequate to describe the 
observed scattering cross section in the temperature range 0.01 <t ( 0.3. In the 
Ornsteiri-Zerrijke approximation (small q limit) the expected cross section for 
general wavevector transfer is described as the sum of two anisotropic Lorentzians 
of different widths, because the x-rays couple to fluctuations of two different 
R25  modes. At any given temperature the observed scattering profile closely 
agreed with the form of dispersion given by neutron scattering measurements (Gesi 
4.12 
et al 1972), showing f = - 1 and h small. The cross section was found to be largely 
independent of the parameter h; the critical exponents are insensitive to the amount 
of anisotropy in the dispersion. 
The critical exponents VL  and TL obtained from the analysis are shown in 
table 4.2, together with the experimentally determined values for SrTiO 3 and RbCaF3 
measured using x-rays, and the theoretically predicted parameters of the n = d 3 
Heisenberg model (Le Guillou and Zinn-Justin 1980). As mentioned above, the intrinsic 
critical behaviour of KMnF3  is only expected to be close to that of the Heisenberg 
fixed point in the asymptotic limit, the effect of non-zero anisotropy is to raise the 
critical exponents by a few percent. However, the experimentally determined values of 
V L O.62 ( 7) and TL=  1.19 (11) are actually smaller than predicted; this is attributed 
to changes in the scattering profile close to T 
C 
causing XL  to be artificially high. 
The value for VL  agrees favourably with that found in RbCaF 3 and is less 
than that measured in SrTiO 3 . The reason for the anomalously high value in SrTi 0 3 
isunclear.' 
: 	It should be noted that the transition temperature was allowed 
to vary in the analysis of both the KMnF 3 and RbCaF3 data producing an offset 
from the experimentally determined value which represents a measure of the first 
order character of the phase transition. In SrTi 0 3 the width decreased rapidly 
close to T with a temperature dependence of v L  2-3 which is physically 
unreasonable: This change coincided with an alteration in the experimental 
configuration from low to high resolution and with the increasing importance of the 
quasi-Bragg component in the scattering cross section, and is probably due to an 
analysis in which a Lorentzian squared component was neglected. In the fit the 
transition temperature was constrained to equal the measured T. Another point to 
note is that the x-ray data for KMnF 3  was adequately described by the anisotropy 
parameters measured by Gesi et al (1972). In SrTiO 3 and RbCaF3 it was necessary 
to reduce the anisotropy determined by neutron scattering techniques slightly in 
order to fit the x-ray data. 
Anomalous Scattering Profile close to T 
In this section the second component observed close to the transition 
temperature is discussed with reference to the x-ray experiments on SrTiO3 , 
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RbCaF3 and KMnF3 . In all three materials it was necessary to introduce a second 
componenf into the analysis of the low resolution data. In SrTi 0 3 and Rb Ca F3 the 
component was unresolved, and in KMnF 3  it was isotropic and nominally Lorentzian 
squared in form with a temperature dependent width. Further measurements using 
the high resolution configuration showed the narrow component in RbCaF 3 to have a 
similar profile to that in K Mn F 3 but in SrTI 03 it remained unresolved with a width 
independent of temperature, the instrument-limited width being " 0.001 A 1 (FWHM) 
in all cases. This difference may be an artifact of the Lorentzian squared model 
used for the analysis. No quasi-Bragg component was observed in RbCaF 3 and 
K Mn F3 . 
The high resolution measurements on several samples of SrTiO 3 with 
different surface preparations showed a variation in intensity of the quasi-Bragg 
peak. In particular the narrow component observed from sample II (polished and 
etched) initially increased in intensity with repeated temperature cycling through the 
transition but eventually saturated at a value some five times larger than the initial 
value, close to that measured in sample III (annealed and oxidised) which showed no 
evidence of history dependence. The intensity of the quasi-Bragg component in 
sample IV (reduced in vacuum) was roughly twice that in sample Ill at the same 
value of t. History dependent scattering at the R-point was observed in the high 
resolution measurements on KMnF 3 , where no saturation occurred, but the results 
in RbCaF3  were approximately reproducible. Of the three RbCaF 3 samples 
investigated, one showed no anomalous second component close to 1: This sample 
differed from the others in its smaller mosaic spread, the surfaces of all samples 
being prepared in a similar manner. It should also be noted that at any particular 
temperature the intensity of the quasi-Bragg component in all samples of SrTiO 3 
did not vary by more than ten per cent when the x-ray beam was scanned across 
the crystal surface. This differs from the measurements on RbCaF 3 and KMnF3 
which showed the critical scattering at the R-point to vary considerably with 
position of the x-ray beam on the sample face. 
The isotropic Lorentzian squared scattering cross section measured in 
RbCaF3 and KMnF3  was found to have a temperature dependent width and to 
originate from a tetragonal structure. The results for the critical exponents VL2  and 
1L2 are shown in table 4.3. In the case of RbCaF3, YL2 was constrained to be 2 
The hysteresis in the high resolution critical scattering measurements in KMnF 3 is 
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reflected in the associated errors, but there is little agreement between the data 
collected using graphite monochromator and analyser crystals and that when 
graphite was replaced with silicon. It is therefore only possible to establish 
a qualitative temperature dependence for this component in KMnF 3 . The analysis of 
the high resolution data in both RbCaF 3 and KMnF3 showed the correlation length 
and amplitude of the Lorentzian squared component to diverge at or close to T. 
The correlated volume at T 
C 	 3 
+0.5K had a linear dimension of -4000A in RbCaF and 
2000A in KMnF 3 : The quasi-Bragg component in SrTiO 3 corresponded to a 
correlated tetragonQi volume of size - 8000 A which remaineA approximately 
unchanged over the temperature range T—T+3.5 K. 
Surface Effects 
The influence of the surface upon the scattering profile has been considered 
in detail by Andrews (1986) who treats the surface as a macroscopic symmetry 
breaking defect. The model attributes the quasi-Bragg component to a surface layer 
in which the low temperature tetragonal phase is stabilized by the surface. It is 
possible for this model to explain the unresolved wavevector width in SrTiO 3 if the 
surface is rough or contains a compressive strain. However, the model also 
predicts the surface scattered intensity to be independent of the x-ray penetration 
depth ti, and consequently the ratio of surface to bulk scattering to be inversely 
proportional to t. Measurements of this ratio at (0.5 0.5 2.5) and (0.5 0.5 4.5) in 
SrTiO3  were found to vary by less than twenty percent compared with the 
difference in & between the two wavevectors of a factor of 2.3 . In K Mn F 3 the ratio 
of the integrated intensity at the two reciprocal lattice points (0.5 0.5 2.5) and 
(0.5 0.5 3.5) (measured using silicon monochromator and no analyser crystal) was 
independent of temperature on cooling through T at approximately the value 
predicted by the bulk (after the normal corrections to the intensity had been made). 
These results suggest that the scattering cannot be attributed to the surface. 
Further evidence is provided by the measurements on RbCaF 3 , where the surfaces 
of all three samples were prepared in a similar way yet did not all display the same 
anomalous component in the scattering cross section close to the transition. Also, 
the correlation length measured in RbCaF 3 and KMnF3 using high resolution was 
observed to be temperature dependent, which cannot be explained by the surface 
model. 
4.15 
Random Field Model 
As discussed in section 4.2 the presence of isolated defects in symmetry 
breaking positions produce random static fields leading to a Lorentzian squared 
component in the structure factor. The range of distortion around each defect is 
controlled by the intrinsic correlation length of the fluctuations in the high 
temperature phase (Halperin and Varma 1976). These fluctuations are therefore 
expected to have the same degree of anisotropy in the dispersion as the 
one-phonon fluctuations described above. However the results in RbCaF 3 and KMnF3 
are quite different from this, showing isotropic scattering at a position displaced from 
the cubic R-point. The extent of the correlated volume close to T was found to differ 
substantially from the one-phonon correlation length in RbCaF 3 (at 1+0.5K, L"4000A 
and3OOA). There is also a measurable difference in these values in KMnF 3 , which 
suggests the critical scattering occurs on two lengthscales. 
A plausible extension of the random field model to first order phase 
transitions has been made by lmry and Wortis (1979) who suppose that, in addition 
to the fluctuations of the phonon normal modes, there are defect mediated 
fluctuations from the cubic phase to the tetragonal phase close to the transition. 
These fluctuations occur when the free-energy lowering due to taking advantage of 
local variations in impurity density more than offsets the free-energy cost of the 
interface produced. The correlations between tetragonally distorted clusters centered 
on quenched impurities drive the transition and have a lengthscale which may or 
may not be equal to the correlation length Lof the one-phonon fluctuations. The 
model explains the tetragonal structure of the narrow component and introduces a 
second lengthscale into the scattering. The isotropic dispersion of the Loreritzian 
squared component may arise because the tetragonal strain present in the distorted 
phase could cause the macroscopic elastic energy to favour a roughly spherical 
cluster. In this model the critical exponents VL2  and 1L2 shown in table 4.3 refer to 
the degre of inter-cluster correlation. 
As can be seen in figure 4.6 the phase transition in KMnF 3 as measured by 
the order parameter alters its character across the sample face, and is only 
• slightly first order. The model of lmry and Wortis predicts a smearing of a first 
order phase transition because the size of the defect mediated fluctuations is 
determined by the free energy difference between the phases, which decreases 
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continuously to zero at T. Therefore if the Lorentzian squared component in 
RbCaF3 and KMnF3 corresponds to scattering from these fluctuations we would 
expect to see a continuous phase transition at the R-point when the high resolution --
configuration is used. This is in fact the case for both materials; the result for 
KMnF3  can be seen in the inset of figure 4.6. The measurements of the 
one-phonon scattering imply that the fluctuations of the phonon normal modes have 
a non-divergent temperature dependence which is consistent with a first order 
phase transition. 
4.5 Summary and ConclusIons 
Well above the transition temperature the critical scattering at the R-point 
has the expected Lorentzian form in the three perovskites SrTiO 3 , RbCaF3 and 
KMnF3 . The correlations in the order parameter fluctuations show considerable 
anisotropy, though this was found to be less in SrTiO 3 and RbCaF3 than that 
predicted from the observed phonon dispersion relations (Stirling 1972 and Almairac 
et al 1977). The reason for this is probably because the x-ray scattering has 
contributions from the inelastic and central parts of the neutron scattering and the 
latter is less anisotropic than the former. 
The temperature dependence of the scattering measured in the three 
materials is shown in table 4.2. The results for vLand  y L in RbCaF3 and KMr,F3 are 
consistent with the behaviour of the n = d 3 Heisenberg model with approximately the 
correct exponents, but with transition temperatures T which are below the 
transition temperatures measured by monitoring the tetragonal strain. In SrTiO 3 the 
susceptibility has a temperature dependence which is in agreement with this model, 
but the experimental value of VLS  significantly larger than that predicted by theory. 
The correlation length and amplitude converge to zero at the measured T. 
Closer to the transition temperature a second component in the scattering 
cross section was observed in all three materials. The characteristics of this 
component are that 
- it has a lineshape that is well described by a Lorentzian squared model in 
RbCaF3 and KMnF3 but is resolution limited in SrTiO 3 . No quasi-Bragg 
component is observed in Rb Ca F 3 and K Mn F3 
4.17 
- it is isotropic in wavevector 
- it is displaced from the cubic R-point position in RbCaF 3 nd KMnF3 
suggesting that it can be attributed to clusters which have a tetragonal 
structure 
- in RbCaF3 and KMnF3 it has an inverse correlation length which 
decreases continuously to zero at or close to the measured transition 
temperature with an amplitude different from the one- phonon scattering 
- it has an amplitude which varies from sample to sample in SrTiO 3 and 
RbCaF3 
3) 	The explanation for these results is unclear, though the differing behaviour 
amongst the various samples of RbCaF3  strongly suggest the importance of defects. 
Circumstantial evidence is provided in the lack of a viable alternative mechanism: 
The surface model, although it could explain the quasi-Bragg component in SrTiO 3 , 
is untenable. The theoretical predictions of lmry and Wortis (1979) in their extension 
of the random field model describe many of the observed phenomena, and provide a 
basis for explaining the origin of a second scattering lengthscale. If the defects were 
extended, it is conceivable that coherently perturbed regions much larger than the 
intrinsic precursor clusters could occur. Consequently the q dependence of the x-ray 
scattering would reflect a distribution of lengthscales corresponding to spatial variations 
in crystal perfection. lmry and Wortis predict that the discontinuity at a first order 
transition will be reduced by the defect mediated fluctuations to the tetragonal phase 
which are continuously temperature dependent. This smearing of the transition is 
observed in RbCaF3 and KMnF3 , but, unfortunately, the transition in SrTiO 3 is 
effectively continuous, suggesting their theory is inappropriate in this case. 
The results can be compared with the central peak observed in neutron 
scattering measurements. In RbCaF 3  the anomalous x-ray peak persists over a 
temperature range which is much less than that over which the neutron central 
peak is seen in crystals grown by the Bridgeman-Stockbarger technique (Almairac et 
al 1977). In SrTiO3  the neutron central peak assumes the bulk of the spectral 
weight at roughly the same temperature at which qualitative changes in the x-ray 
scattering occur (Shapiro et al 1972), and a strong temperature dependence of the 
scattering near I is observed in both instances. In the case of KMnF 3 , analysis of 
4.18 
the neutron scattering data is complicated because the soft mode is overdamped at 
40 K above T, and consequently the phonon and central component contributions to 
the observed intensities are not easily separated. In chapter 5 a more precise 
comparison between the two anomalous features is possible since x-ray and neutron 
scattering experiments are performed on the same samples. The following chapter thus 
contains the results of a series of x-ray and neutron scattering experiments on samples 
of KMn 1 Mg F3  with x = 0.01 and x = 0.1. It also attempts to correlate and quantify 
the effect of impurities on the structural phase transition. 
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AppendIx 4.1 
A simple theory of domain structure predicts three Bragg peaks in 
reciprocal space. In a (0 0 1) orientation the domains with the c-axis in the plane of 
the crystal give rise to a Bragg peak at (ah, ck, 0) and that with the c-axis 
perpendicular to the plane to a peak at (c h, a k. 0). Gibaud et al (I) (to be published) 
describe how these domains are rotated with respect to each other. In reciprocal 
space this causes satellite peaks which are distinguishable from the main peaks. For 
instance there is a peak at (c h cos 8 + a 1< sin 8, a k cos 8 - c h sin 8, 0 
which is rotated by an angIe 8 from the reciprocal point (ch, ak, 0). The angle 
& shown in figure 3 is therefore given by 
a h - c h cos8 - a k sin 8 
tan8= 
c k +c h sin 8 - a k cos 8 
t 	 t 	 t 
where 
and 
8 	7t/2 - 2tan'(a/c) 
a /c = C / a 
t 	t 	t 	t 
This reduces to 
tanO= c/a- 
- 	 t 	t 
for all h, k. 
For comparison with the obtained KMnF 3  data, a factor of 12 must 
be included in the value for the a lattice parameter since the measurements were 
made in the 0 -1 0) plane. 
AppendIx 4.2 
The order parameter p of the R-point critical scattering is the angle 
of rotation of the fluorine octahedra about a stationary potassium atom. Below T the 
effective unit cell has side acos p in the plane of rotation, and side a out of 
the plane. The ratio of lattice parameters is therefore 
c/ar 1/cosp 
which reduces to 
c/a= 1 
+ 1/2 CP 
when p is small. Hence (c/a - 1) is proportional to the square of the order 
parameter. 
CHAPTER 5 
AN INVESTIGATION OF THE EFFECT OF POINT DEFECTS ON 
THE R- POINT INSTABILITY IN K Mn F 3 
5.1 IntroductIon 
This chapter contains the results of a series of x-ray and neutron scattering 
experiments performed on two crystals of KMnF 3 , containing known proportions of 
the compound KMgF3  which had been introduced during the crystal growth procedure. 
The crystals had the chemical formulas KMn 099 tv1g 001 F3 and KMn09 Mg 01 F3 
and were grown by the flux method. The size of the K Mn 
0.99 
Mg 
0.01 F3 crystal 
was 8x8x9 mm and of the KMn 09 Mg 01 F3  crystal was 10x10x15 mm; the samples 
used in the x-ray and neutron experiments were taken from these two crystals as 
described below. The aim of the experiments is two-fold. Firstly, to investigate the 
effects on the R-poirit structural phase transition in KMnF 3  when simple substitional 
impurities of known concentration have been added, and in particular to investigate if 
either or both of the anomalous components observed in the x-ray and neutron 
scattering cross sections at the R-point above T is enhanced by such an addition. 
Secondly, to perform x-ray and neutron experiments on the same crystals in an 
attempt to correlate the two anomalous features. 
The series of x-ray experiments were performed in a similar manner to those 
described in chapter 4. The samples of KMn 099 Mg 001 F3 and KMn09 Mg 01 F3 
were cut perpendicular to a crystallographic <001) direction from the grown crystals 
and consisted in each case of a slice 2 mm thick. The active surface of these 
slices was polished and then etched for ten minutes in ortho-phosporic acid to remove 
any surface damage. For each sample two experiments were performed on the triple 
axis x-ray spectrometer described in chapter 2, the first using pyrolitic graphite 
monochromator and analyser crystals and the second using silicon monochromator and 
analyser crystals. A measurement of the mosaic spread of the two x-ray samples 
was made in the high resolution configuration and found to be 0.019 (3) ° in both 
cases. The samples were mounted in turn onto the cold finger of a closed-ccle 
cryostat, and oriented with the face normal [001] and a cubic [110] axis in the 
horizontal plane of the diffractometer, as in chapter 4. 
5.1 
The series of neutron scattering experiments were performed on the 1N3 triple 
axis spectrometer situated on the guide tube of the nuclear reactor at the lnstitut 
Laue-Langevin, Grenoble, France. As in the x-ray experiments, two different resolution 
arrangements are possible (described in chapter 2). The lower resolution is achieved 
by inserting a pyrolitic graphite filter before the sample which fixes the incident energy 
to be 3.52 THz, and a considerably improved resolution is realized by replacing this 
filter with a cooled beryllium filter, to give an incident energy of 1.12 THz. The two 
samples consisted of the remainder of the grown crystals after removal of the slices 
for the x-ray work. The KMn 099 Mg 001 F3  sample had a volume of 0.5cm 3 and a 
rather poor mosaic spread of 0.7(1) 0 , and the KMn09 Mg01 F3  sample a volume of 
1.3cm 3  and a mosaic spread of 0.20 (5) 0 . Each sample was mounted in turn in a 
cryostat which had a temperature stability of ± 0.05 0 and was aligned with a [1 -1 0] 
axis vertical. 
5.2 Experimental Results 
5.2.1 X-ray Scattering Experiments 
Measurement of T and the Critical Exponent 
In both KMn 099 Mg 001 F3 and KMn 09 Mg 01 F3  the transition temperature 
was measured in a similar manner to that described in chapter 4 for pure KMnF 3 ; 
the intensity distribution of the (004) reciprocal lattice point was monitored as the 
temperature of the crystal was lowered, using the high resolution configuration. The 
results of such measurements are shown in figure 5.1 and 5.2 for the two samples. 
However, in both cases, the behaviour was less simple than for pure KMnF 3 where a 
single peak split into several smaller peaks within the temperature change 
T = (187.6 - 187.4) K. it was found that, for K Mn099 Mg 001 F3 the single T> T 
C 
peak 
moved along the [001] axis at the shown transition temperature, and at a lower 
temperature of 182.4 (2) K began to develop several other peaks. A similar behaviour 
was observed in KMn 09 Mg 01 F3  where the new peaks were first seen at a temperature 
of 159.0 (5) K. The transition temperatures are taken as T 1 = 183.9 (2) K for 
KMn 099 Mg001 F3 and T '°161 .7 (2)K for KMn 09 M9 01 F3  since these temperatures 
correspond to the first movement of the peak. It can be seen that the difference 
between the transition temperature T c 10 for KMn 
0.9 
Mg
0.1 3 	c 	 3 
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(004) Bragg Reftection 
Intensity contour plot of the x-ray scattering from the reciprocal lattice 
point (004) for KMn 099 Mg001 F3  as the crystal is cooled through T; 
the peak shifts along the COOt] direction at I. The reciprocal space axes 
are in units of 27r/a 





1004) Bragg RefLection 
FTgure 52 
Intensity contour plot of the x-ray scattering from the reciprocal lattice 
point (004) for KMn 0 9 Mg 0 1 F3  as the crystal is cooled through 1; the 
peak shifts along the [001] direction at T. The reciprocal space axes are 
in units of 27r/a 
0 
approximately ten times the difference between the transition temperature T 1 for 
KMn 099 Mg 001 F3 and T 0 . Also, the observed jump' of the peak along the [001] 
axis is considerably smaller for the case of KMn 09 Mg 01 F3 than for KMn 099 Mg 001 F3 
whicft suggests that the phase transition is more continuous. 
The development and pattern of domains below the transition temperature has 
been discussed in the previous chapter. It was found (for pure KMnF 3 ) that the 
different domains exist on a macroscopic scale, and that the number of peaks 
detected corresponding to a given Bragg reflection, and their relative intensities, 
varied both as the x-ray beam was moved across the sample face and as the 
temperature was changed. The latter was of particular consequence when attempting 
to measure the critical exponent 0 by monitoring the integrated intensity of the 
scattering at the R-point below T, since at such a point in reciprocal space in the 
0-1 0) plane, one of the tetragonal peaks is systematically absent. In the case of both 
KMn 099 Mg 001 F3 nd KMn 09 Mg 01 F3 , well below the tranàition the Bragg reflections 
were found to consist of the maximum number of peaks at all positions on the sample 
face. This suggests that the addition of impurities causes a sample to form many small 
domains in the tetragonal phase, which is plausible if point defects nucleate domain 
growth. 
Figures 5.3 and 5.4 show the integrated intensity at the reciprocal lattice point 
(0.5 0.5 3.5) in KMn 099 Mg 001 F3 and KMn 09 Mg 01 F3 measured using the low 
resolution configuration (graphite monochromator and no analyser crystal) as a function 
of temperature, for two positions on each sample face. The difference in intensity of the 
two curves of each figure indicates that the relative proportions of the domains are 
contingent upon the position of the x-ray beam on the sample face, but the temperature 
dependence is less pronounced compared with pure KMnF 3 (see figure 4.6). The data 
points for each curve were fitted independently by a least squares fit to the power law 
I t 	, t = (T/T-1). with the transition temperature allowed to vary. The solid curves 
are the results of such fits and the dashed line indicates the actual transition 
temperature; the obtained values of B are shown in table 5.1. In the case of 
KMn 09 Mg01 F3 the transition is effectively continuous at both positions on the 
sample face. 
The tetragonal strain below the transition in the three samples KMnF 3 . 
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FIgure 53 	 Temperature (K) 
Integrated x-ray scattering intensity (arbitrary units) for the reciprocal 
lattice point (0.5 0.5 3.5) obtained in a measurement of the rocking 
curve, on cooling through I. for two different positions on the sample 
face for KMn 0 99 Mg001 F3 . The open circles correspond to a position 
of -2mm on the sample face and the crosses to a position of 1-2mm. 
The smooth curves are least squares fits to the power law I t 2 as 
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Figure 5 •4 	 Temperature (K) 
Integrated x-ray scattering intensity (arbitrary units) for the reciprocal 
lattice point (0.5 0.5 3.5) obtained in a measurement of the rocking 
curve on cooling through T for two different positions on the sample 
face for KMn0 Mg 	F3 . The open circles correspond to a position0 .1 
of -0.5mm on the sample face and the crosses to a position of +2mm. 
The smooth curves are least squares fits to the power law I t 	as 












configuration by monitoring the ratio of the positions of the domain peaks at the (004) 
Bragg reflection in the (001> direction as a function of temperature. The results are 
shown in figure 5.5, where the solid curves are least squares fits to the power law 
(c /a -  1) 	t 	with the transition temperature allowed to vary, and the dashed line 
is the actual transition temperature. The size of the first order step at T is 6.7x10 4 
for KMnF3 , -'.5.3x10 4 for KMn 099 Mg 001 F3 and 0 for KMn 09 Mg 01 F3 . The results 
obtained for the critical exponent 	for all three samples are shown in table 5.1, and will 
be discussed in section 3. 
Critical Scattering Measurements 
The wavevector dependence of the critical scattering above T 
C 
was measured 
near the zone-boundary using both experimental resolution configurations for 
KMn 099 Mg 001 F3 and KMn09 Mg 0 F3 . Some examples of low resolution scans 
along the (110> direction offset from the reciprocal lattice point (0.5 0.5 3.5) are 
shown in figures 5.6 (KMn 099 Mg 001 F3 ) and 5.7 (KMn 09 Mg 01 F3 ). As in the 
case of pure KMnF3 (see figure 4.8), the scattering profiles have temperature 
dependent widths and amplitudes. At TT+5.5 K, the scattering profile of all three 
samples is very similar with comparable widths, the scattering being narrowest and 
weakest in the case of pure KMnF3. By  ThT+0.3 K, however, the scattering cross 
section has changed considerably in the case of KMnF 3 , less so in the case of 
KMn09 Mg 01 F3 and hardly at all in the case of KMn 099 Mg 001 F3 . This is primarily 
reflected in the- different values of the widths at this reduced temperature, which are 
"0.008rlu in KMnF3 , " 0.Ol9rlu in KMn 09 Mg 01 F3 and 0.037rlu in KMn 099 Mg001 F3 , 
the intensity of the scattering being nominally the same in all three samples• - 
Figures 5.8 and 5.9 show the scattering cross sections of KMn 099 Mg 001 F3 
and KMn 09 Mg 01 F3 measured using the high resolution configuration along the <001> 
direction (offset from the reciprocal lattice point (0.5 0.5 2.5)). As mentioned in 
chapter 4, this resolution configuration can only detect the sharp anomalous component 
in the scattering cross section, the soft phonon being indistinguishable from a uniform 
background. Any temperature dependence of the widths of these peaks is less pronounced 
than in the case of pure KMnF 3 (see figure 4.9), though the scattering is narrower in 
KMn 099 Mg001 F3 than in KMn09 Mg 01 F3 , and less intense by TT +0.5 K. In both 
KMn 099 Mg 001 F3 and KMn 09 Mg 01 F3 the width of the scattering below the transition 
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Figure 5.5 
Measurement of the parameter (c / a t  1) as a function of temperature 
below T 	for the reciprocal lattice point (0 0 4) for all three 
samples. The open circles correspnd to KMnF 3 , the crosses to 
KMn 099 Mg 001 F3  and the triangles to KMn09 Mg 01 F3 . In each 
case the smooth curves are least squares fits to the power law I 
and the dotted lines show the actual transition temperatures. 
Table 5.1 : The Critical Exponent . 
(Errors shown in brackets). 
Curve 	T'/K H 
K Mn F3 
Theoryfor 
nd=3 model 
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Figure 5.6 
The diffuse x-ray scattering obtained using the low resolution configuration 
for wavevector Q = (0.5+ 0.5+ 3.5) at various temperatures above 
I for KMn099 Mg 0.01  F3 . The curves are least squares fits to a 
Lorentzian (anisotropic) plus a Lorentzian squared (isotropic) model 
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Figure 5.7 
The diffuse x-ray scattering obtained using the low resolution configuration 
for wavevector Q = (0.5+ 0.5+ 3.5) at various temperatures above T 
for KMn0 1 F3 . The curves are least squares fits to a Loreritzian 
(anisotropc) plus a Lorentziari squared (isotropic) model convolved with 
the instrumental resolution function. 
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Figure 5.8 
The diffuse x-ray scattering obtained using the high resolution 
configuration for wavevector Q = (0.5 0.5 2.5+Q at temperatures close 
to T for 	
0.99 
 
M9 0 01 
F3 . The curves are least squares fits to 
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Figure 5.9 
The diffuse x-ray scattering obtained using the high resolution 
configuration for wavevector Q = (0.5 0.5 2.5+Q at temperatures close 
to I for KMn 0 Mg0 
1 F3 . The curves are least squares fits to an 
isotropic Lorentziar, squared model convolved with the instrumental 
resolution function. 
Analysis of Critical Scattering 
The analysis of the critical scattering data collected above T for 
KMn 099 Mg 001 F3 and KMn09 Mg 01 F3  was conducted in a similar manner to that 
described in chapter 4. The data obtained with the low resolution configuration 
consisted, in both samples, of scans with wavevector in the directions 
<0.5 + 0.5 + 3.5' and <0.5 0.5 3.5 + >. These were fitted simultaneously to 
a model scattering function convolved with the instrumental response function. 
The data collected over the entire temperature ranges for K Mn 099 Mg 001 F3 and 
KMn 09 Mg 01 F3  was fitted to an anisotropic Lorentzian model (with anisotropy 
parameters f-1 and h0 as for pure KMnF 3), the amplitude XL and inverse 
correlation length XL being varied with a fixed background. The fits gave the 
following typical values of G. the goodness of fit parameter: G1.19 (T230 K) and 
G1.92 (T186 K) for KMn 099 Mg001 F3 , and G1.13 (T200 K) and G=1.93 (T166 K) 
for KMn 09 Mg 01 F3 . In the case of KMn 099 Mg 001 F3 , this model continued to 
give reasonable values of G for the whole temperature range, though when a second 
isotropic Lorentzian squared component (with anisotropy parameters f = h = 0, and 
amplitude XL2 and inverse correlation length 'xL2) was introduced into the model for 
temperatures very close to T, the fits did improve slightly. In the case of 
KMn09 Mg01 F3 , the values of G began to increase unreasonably at T+2 K. and 
were improved with the addition of an isotropic Lorentzian squared component in the 
scattering model. The values of the four parameters XL XL21 XL and x L2 obtained 
from the fits are shown in figures 5.10 and 5.12 (K Mn 099 Mg 001 F3) and 5.11 and 
5.13 (KMn 09 Mg 01 F3) as functions of the reduced temperature t= (T/T-1). The 
temperature dependence of these parameters, and those of pure KMnF 3 are discussed 
in section 3. In particular, the values of the critical exponents v and y obtained 
from least squares fits to the power laws describing the temperature variation of the 
inverse correlation length and static susceptibilty for the anisotropic Lorentzian model 
(for both KMn 099 Mg 001 F3 and KMn 09 Mg 01  F) are shown in table 5.2. The solid 
curves in figures 5.10-5.13 are these least squares fits. 
The data collected using the high resolution configuration for both 
KMn 099 Mg 001 F3 and KMn 09 Mg01 F3  consisted of pairs of scans with wavevectors 
in the directions <0.5 + C 0.5 + C 2.5> and <2.5 0.5 + C 0.5 + C >. These were fitted 
simultaneously to an isotropic Lorentzian squared model of amplitude XL2 
	and width 
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Figure 5.10 
Inverse correlation lengths obtained from the analysis as described in 
the text of the diffuse x-ray scattering, in units of 27r/a, for the 





3 . The closed circles correspond to data analysed 
using theanisotrpic Lorentzian only model, with f = -1. h = 0. The 
crosses and triangles refer to data analysed using the Lorentzian 
(anisotropic) plus Lorentzian squared (isotropic) model, the crosses to 
the Lorentzian inverse correlation length and the triangles to the 
Lorentzian squared inverse correlation length. The open circles refer to 
the high resolution data, the model being Lorentzian squared only, with 
f = h = 0. The solid line is a least squares fit to the power law 
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FIgure 5.11 
Inverse correlation lengths obtained from the analysis as described in 
the text of the diffuse x-ray scattering, in units of 27t/a, for the 
reciprocal lattice points (0.5 0.5 3.5). and (0.5 0.5 2.5) Copen circles] 
for KMn09 Mg 01 F3 . The closed circles correspond to data analysed 
using the anisotropic Lorentzian only model, with IF = -1, h = 0. The 
crosses and triangles refer to data analysed using the .Lorentzian 
(anisotropic) plus Lorentzian squared (isotropic) model, the crosses to 
the Lorentzian inverse correlation length and the triangles to the 
Lorentzian squared inverse correlation length. The open circles refer to 
the high resolution data, the model being Lorentzian squared only, with 
f = h = 0. The solid line is a least squares fit to the power law 
discussed in the text. 
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Amplitude (arbitrary units) obtained from the analysis as described in 
the text of the diffuse x-ray scattering for the reciprocal lattice points 
(0;5 0.5 3.5) and (0.5 0.5 2.5) [open circles] for 	 0.99  Mg 001  F3. 
The solid line is a least squares fit to the power law discussed in the text. 
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Figure 5.13 
Amplitude (arbitrary units) obtained from the analysis as described in 
the text of the diffuse x-ray scattering for the reciprocal lattice. points 
(0.5 0.5 3.5) and (0.5 0.5 2.5) [open circles] for KMn 0 Mg 	F3 .
0.1 
The solid line is a least squares fit to the power law discussed in the text. 
Table 5.2 : The Critical Exponent of the Lorentzian Component for KMn Mg 1 F3 
(Errors shown in brackets). 
I 	Ii IAI (T-T ) /K 	=T) I L 	 C C 	 TI. ______ ___   
x = 0.99 
x = 0.90 

















L 1.19 (0.11) 1 
L 86 (0.004)1 
[ -3.1 (1.0) 
-2.8 (0.7) 
j_0.12 (0.03) 
are shown in figures 5.10 - 5.13. Their magnitude and temperature dependence will be 
discussed in conjunction with the results for KMnF 3 in section 3. 
The Temperature Dependence and Amplitude of the Anomalous Component 
The data close to the transition temperature in KMnF 3 , KMn099 Mg 001 F3 
and KMn 09 Mg 01 F3  collected in the low resolution configuration, was fitted to a two 
part scattering model. The first, Lorentzian component, had the general form 
A A S 1 (q) = 	 and 	XL (xL12 	
(1) 
+ q 2 
and the second, Lorentzian squared component, the form 
- 	B 	 _7'B S 2 (q) 
- ((xL2)2 + q2)2 
	and 	XL2 - (x)2 	
(2) 
Consequently at zero wavevector, the weighting of the Lorentzian component is 
XL 
and equal to the amplitude, but the weighting of the Lorentzian squared component is 
(XL2)2. Figure 5.14 shows these two weightings obtained from the fits for all three 
samples, as a function of temperature. In the case of both K Mn 099 Mg 001 F3 and 
KMn 09 Mg 01 F3  there is a clear cross-over temperature below which the Lorentzian 
squared component begins to carry most weight. This is T T +2  K for K Mn 099 Mg001 F3 




Figure 5.15 is a plot of the peak intensity (unprocesssed data) of the R-point 
scattering collected at the reciprocal Iattice point (0.5 0.5 2.5) in the high resolution 
configuration, for KMn 099 Mg 001 F3 and KMn09 Mg 0 1 F3  above the transition. It is 
plotted on a log scale as a function of reduced temperature t (also on a log scale). 
The data is normalised to a counting time of one minute, and was collected with the 
x-ray spectrometer in identical configurations for both samples. Since the x-ray beam 
illuminates only a small part of the sample, and the width of the scattering was only 
slightly greater than the resolution width in both cases, this figure gives a reasonable 
estimate of the relative intensities of the anomalous component observed in the x-ray 
scattering cross section in KMn 099 Mg 001 F3 and KMn 09 Mg01 F3 . It can be seen 
that the scattering above T in KMn 09 Mg 01 F3  is consistently greater than that 
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flgure 5.14 
The relative weighting of the two components (anisotropic Lorentzian and 
isotropic Lorentzian squared) in the analysis of the x-ray data collected 
in the low resolution configuration for all three samples, as a function 
of temperature. In each case, the closed circles refer to the Lorentzian 
component and the crosses to the Lorentzlan squared component. The 
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FIgure 5.15 	 Log (t) 
The peak intensity of the x-ray scattering (normalised to a counting time of 
60 seconds) at the reciprocal lattice point (0.5 0.5 2.5) obtained with 
the high resolution configuration for the two samples KMn 
0.99 
Mg 
0.01 F3 and KMn 0 Mg 0 F3 , as a function of reduced temperature for 
temperaturs above 1. 
2E 
The unprocessed scattering intensity observed in pure KMnF 3 is not included on the 
graph since the experiment was performed at an earlier date when the incident x-ray 
beam may have been of different amplitude. 
5.2.2 Neutron Scattering Experiments 
Measurement of the Transition Temperature 
The transition temperature in K Mn 099 Mg001 F3 and KMn 09 Mg 01 F3 was 
measured using neutron scattering by monitoring the peak intensity at the reciprocal 
lattice point (0.5 0.5 1.5) as the temperature was lowered through the transition. 
The results for the two samples are shown in figure 5.16, and give values for 
and T 1°  which are in agreement with those determined using x-ray scattering. 
Critical Scattering Measurements 
The energy dependence of the critical scattering above T was measured at 
the zone-boundary reciprocal lattice point (0.5 0.5 1.5) using incident neutron energies 
of 3.53 and. 1.12 THz for KMn 099 Mg 001 F3 and KMn09 Mg 01 F3 . Some high resolution 
measurements on pure KMnF 3  (the same sample as was used in the x-ray experiments 
described in chapter 4) were also made. Figures 5.17, 5.18, and 5.19 show the results 
for the three samples at approximately the same value of the reduced temperature 
t=0.033, all collected with an incident energy of 1.12THz and horizontal collimation 
20' - 20' - 30'. The observed scattering cross section is clearly different in the three 
cases. In KMnF3  the profile appears to consist of two components, a broad overdamped 
phonon centered on zero frequency, together with a narrow central peak sitting on top. 
This result is qualitatively similar to that found in pure KMnF 3 by Shapiro et al (1972). 
In KMn 
0.99 Mg001F3 an analogous division is possible, the scattering profile being 
consistent with a broad overdamped phonon and a small central peak, but in 
KMn 09 Mg 01 F3  such a separation is less discernible, since the overdampeci phonon 
is considerably narrower in energy (consistent with a larger damping constant) and 
the 'wings' of the measured cross section are correspondingly smaller. This behaviour 
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Figure 5.16 
The peak intensity of the neutron scattering (normalised to a monitor 
count of 3) at the reciprocal lattice point (0.5 0.5 1.5) obtained with 







3 , as each sample was cooled through the transition. 
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Scattered neutron intensity for pure KMnF 3  at the reciprocal lattice point 
(0.5 0.5 1.5) obtained with an incident energy of 1.12THz, as a function 
of energy at TT+6K. The solid curve is a least squares fit to the 
model described in the text convolved with the instrumental resolution: 
The dotted curve corresponds to the contribution of the phonon peak. 
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Scattered neutron intensity for K Mn 	Mg 0.01 F3 at the reciprocal99 
lattice point (0.5 0.5 1.5) obtained with an incident energy of 1.I2THz, 
as a function of energy at TT6.1 K. The solid curve is a least squares 
fit to the model described in the text convolved with the instrumental 
resolution: The dotted curve corresponds to the contribution of the 
phonon peak. 
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Figure 5.19 
Scattered neutron intensity for KMn 0 Mg 0.1 F3  at the reciprocal 
lattice point (0...5 0.5 1.5) obtained with an incident energy of 1.121Hz, 
as a function of energy at 1=1+5.5K. The solid curve is a least squares 
fit to the model with a non-zero central peak convolved with the 
instrumental resolution: The dotted curve corresponds to the contribution 
of the phonon peak. 
The widths and peak heights of the critical scattering measured with an 
incident energy of 3.52THz are shown in figures 5.20-5.23 for the two samples 
KMn099 Mg 001 F3 and KMn09 Mg 01 F3  as functions of temperature (triangles). In all 
cases a small amount of incoherent scattering background was subtracted from the data. 
The solid curves are intended as guides to the eye. At this incident energy, it was not 
possible to distinguish between the phonon bands and the central peak in the scattering 
cross section at even the highest temperatures above the transition in either 
KMn 099 Mg 001 F3 or KMn 09 Mg 01 F3 . It can be seen that in KMn 099 Mg 001 F3 the 
width decreases approximately linearly with decreasing temperature, while the peak 
intensity increases exponentially. In KMn 09 Mg 01 F3 the width of the scattering is 
considerably more narrow than in KMn 099 Mg 001 F3  (N.B. the vertical axis is on a 
different scale), and less temperature dependent, beginning to saturate as T  is 
approached. The amplitude of the scattering was more intense in KMn 09 Mg 01 F3 
since the sample was twice the volume in size, but it can be seen that the temperature 
dependence of the peak intensity is nominally the same in the two samples. 
The widths of the scattering obtained in the two materials with an incident 
energy of 1.12THz are also shown as functions of temperature in figures 5.20 and 
5.21 (crosses). The results show that the width of the scattering is temperature 
independent in both K Mn 099 Mg 001 F3 and KMn09 Mg 01 F3 , at a value consistent 
with the energy width measured in a Vanadium scan (see figure 2.12) for this collimation, 
and is considerably less than the widths measured with an incident energy of 3.521Hz. 
This suggeststhat the, scattering observed in the higher resolution experiments is a' 
resolution limited central peak: The phonon is indistinguishable from a uniform background 
that is above the level of incoherence unless the counting time is extremely long and 
the scan sufficiently wide. 
The peak intensity of the scattering measured with an incident energy of 1.12THz 
(that is, the amplitude of the central peak) in the three samples KMnF 3 , KMn099 Mg001 F3 
and KMn 09 Mg 01 F3  is shown on a log scale as a function of reduced temperature 
(also plotted on a log scale) in figure 5.24. The figure shows that each curve (drawn as 
aids to the eye) flattens off to the phonon background level at high temperatures. It is not 
pragmatic to compare absolute intensities from sample to sample in a neutron scattering 
experiment since the scattered intensity is very dependent on the size of the crystal. 
However, the figure indicates that the temperature dependence of the central peak is 
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Figure 5.20 
The energy width of the neutron scattering at the reciprocal lattice point 




F3 , as a function of temperature. 
'The triangles and crosses refer to the widths of the unprocessed 
experimental data, the triangles to that collected with an incident energy 
of 3.52THz, and the crosses to an incident energy of 1.12THz. The open 
circles correspond to the width of the phonon obtained when the data 
was fitted to the model with a non-zero central peak, and the closed 
circles to the width of the phonon obtained when the central peak was 













IUV - r 	 liv IOU 	 I)'V 
'C Temperature (K) 
Rgure 5.21 
The energy width of the neutron scattering at the reciprocal lattice point 
(0.5 0.5 1.5) for KMn Mg F 3 , as a function of temperature.0.9 
The triangles and crosses refer to the widths of the unprocessed 
experimental data, the triangles to that collected with an incident energy 
of 3.52THz, and the crosses to an incident energy of 1.12THz. The open 
circles correspond to the width of the phonon obtained when the data 
was fitted to the model with a non-zero central peak, and the closed 
circles to the width of the phonon obtained when the central peak was 
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The amplitude of the neutron scattering at the reciprocal lattice point 
(0.5 0.5 1.5) for 
0.99 
 Mg 0.01  F3 as a function of temperature. 
The triangles refer to the peak intensity of the unprocessed experimental 
data collected with an incident energy of 3.52THz and normalised to a 
monitor count of 12. The open circles and crosses correspond to the 
amplitudes of the phonon and central peak obtained when the data was 
fitted to the model with a non-zero central peak, the open circles to 
the amplitude of the phonon and the crosses to the amplitude of the 
central peak. The closed circles refer to the amplitude of the phonon 
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The amplitude of the neutron scattering at the reciprocal lattice point 
(0.5 0.5 1.5) for KMn 09 Mg 0.1 F3 . as a function of temperature. 
The triangles refer to the peak intensity of the unprocessed experimental 
data collected with an incident energy of 3.52THz and normalised to a 
monitor count of 4. The open circles and crosses correspond to the 
amplitudes of the phonon and central peak obtained when the data was 
fitted to the model with a non-zero central peak, the open circles to 
the amplitude of the phonon and the crosses to the amplitude of the 
central peak. The closed circles refer to the amplitude of the phonon 
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Figure 5.24 
The peak intensity of the neutron scattering (normalised to a monitor 
count of 300) at the reciprocal lattice point (0.5 0.5 1.5) obtained with 
an incident energy of 1.12THz for the three samples, as a function of 
reduced temperature for temperatures above T. 
Analysis of Critical Scattering 
The critical scattering data collected using the low resolution configuration for 
KMn 099 Mg001 F3 and KMn 09 Mg 01 F3  was analysed by a least squares fit to a trial 
function I (q, w), where I (q, (a) is equal to the convolution of a model scattering function 
S (q, w) with the instrumental response function 
l(q,w) = . L ff S (q, (a) R(q'-q.w-)dqdw' 	 (3) 
The model S (q, W used here was the phenomenological model assumed by Shapiro 
et al (1972) in their analysis of the critical scattering measured above T in SrTi 0., 
C 	 -J 
and which was introduced briefly in chapter 1. They supposed that the response function 
was that of a damped simple harmonic oscillator coupled, with a constant 8, to some 
unspecified internal degree of freedom. This provides an additional channel for decay 
for phonon fluctuations with frequencies w less than some characteristic frequency y. 
The scattering function could then be split into two terms if the damping constant 
8 2/1  and the frequency w2>> I 2. 
S(q,w) = S(q,w) +S(q,) 	 (4) 
where 
S (q, (a)= 






 +G) r' 
is the damped harmonic oscillator response with characteristic frequencies ± w(q ,T) 
in the high temperature limit with F(Q) the structure factor, and 
IF(Q)1 2  k BT S (q,w) =  
ce 
7E 
8 2 (T) 	 1' 
02 (q,T) 	2(q,T) 	(2+.2) 
CO 
(6) 
is a narrow Lorentzian of width ' = y. (6) 2/ (a 2 ) centered about w = 0 : The scattering 
function obeys the sum rule 
CO 
f* S (q, (a) dc.) = 
CO 
k BT IF(Q)1 2 
w 02 (q,T) 
(7) 
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fS Ph  (q, 6) )dw + f S .O( q , w) d (a 
8 2 (T) 
•1 
2 (q,T) 	w 2 (q,T). w 2 (q,T) 
CO 
(8) 
where w 2 (q,T) = w 2 (q,T) - 8 2 (T) is the square of the renormalised mode frequency 
in the limit w tends to 0. By  integrating (5) and (6) it can be seen how they contribute 
separately to the sum rule: 
fS(q, 6) )dG) = 
w02 (q,T) 
Fitting Technique 
The energy scans measured above T  with an incident neutron energy of 3.52THz 
at the reciprocal lattice point (0.5 0.5 1.5) in KMn 099 Mg 001 F3 and KMn 09 Mg 01 F3 
were fitted to the model scattering function S (q,(j) described above. In this fitting of 
this model it was assumed that I', i  and 8 were all independent of q, and that the 
entire q dependence of S (q,(a) was included in the phonon frequency w(q,T). The 
phonon dispersion close to the R-point in KMnF 3 was discussed in chapter 4, and 
gave the following relationship for 6) 2(q,T) 
)pq  (w ,2 O.T + X(q 2 +fq 2 ))8 + hq.q(1 - 8) 	(9)pq 
In all fits for KMn 099 Mg 001 F3 and KMn 09 Mg 01 F3 the off-diagonal elements of the 
dynamical matrix were neglected (that is, h0), and the anisotropy parameter f was 
fixed at -1 as in the analysis of the x-ray data: The parameter X was constrained to 
equal 41(THzA) 2 (see Gesi et al 1972). The width y of the central peak was chosen 
to be such that it was always smaller than the energy resolution of the spectrometer. 
As the soft-phonon in KMnF 3 is overdamped for T ~ T+40K, the data fitting is 
hindered by the difficulty in determining an unambiguous value for the overall scale. 
This problem was tackled for each sample in the following way: An energy scan 
collected at the R-point at a temperature well above the transition was chosen, and 
the frequency w( 0,T) and damping constant r were fixed at the values found by 
previous measurements (chiefly those by Gesi et al 1972); the central peak amplitude 6 
was held at zero. The scaling parameter was then allowed to converge to its optimum. 
This value was fixed for all scans, and the parameters 6)(0,T), IF and 8 allowed to vary. 
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The fits were assessed in terms of the goodness of fit parameter G as in the 
x-ray analysis. In both KMn 099 Mg 001 F3 and KMn09 Mg 01 F3  it was found that 
reasonable fits were achieved with either a zero or a non-zero value for 8, and so 
results for both cases are included in the figures. For an overdamped phonon S(q,o) 
is an anisotropic Lorentzian with an energy width w(q,T) = w 2 (q,T)/r centered 
on zero frequency, and so this parameter is used to represent the analysed data. 
Figures 5.20 and 5.21 show the obtained values of 2.w(0,T) as a function of temperature 
for KMn099 Mg001 F3 and KMn 09 Mg 01 F3 , the solid lines being intended as guides to 
the eye. The contributions of the phonon and central peak to the scattering amplitude are 
given by the sum rule (equation (8)). Figures 5.22 and 5.23 show these contributions as 
a function of temperature for K Mn 099 Mg 0 F3 and KMn 09 Mg01 F3 respectively, again, 
the solid lines are intended as guides to the eye. The results shown in figures 5.20-5.23 
will be discussed in section 3. 
5.3 DIscussion of Results 
5.3.1 Temperature Dependence of the Order Parameter and the Character of the Phase 
Trans it ion 
The values of the critical exponent 0 obtained from the analyses of the 
temperature dependence of the tetragonal strain in the three materials KMnF 3 , 
KMn 099 Mg001 F3 and KMn 09 Mg 01 F3  are shown in table 5.1. It can be seen that 
the effect of adding point defects to pure KMnF 3 is to increase the value of 
towards that predicted by the n = d 3 Heisenberg model. In K Mn 099 Mg 001 F3 , the 
vaIueobtained is 0.336(8), and in KMn 09 Mg01 F3  is 0.332(8). These .two values of 
agree reasonably with the value of 1 found by Borsa (1973), Hirotsu and 
Sawada (1973) and Benard and Walker (1976) in measurements on KMnF 3 . The value 
of 0.26 (2) obtained by us in pure KMnF 3  (chapter 4) was considerably lower than this, 
and it was suggested that this is because the phase transition occurs at atmospheric 
pressure in the vicinity of an Ising-like tricritical point, where the critical exponent is 
predicted as 114 (Chang et al 1974). The results for KMn 099 Mg001 F3 and 
KMn 09 Mg 01 F3  indicate that the effect of point defects is to return the system to 
one adequately described by a three component order parameter. It should be mentioned 
that the values for 0 obtained from analysis of the integrated intensity measurements at 
the R-point below T in KMn 09 Mg01 F3  agree reasonably well with that found by monitoring 
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the tetragonal strain, but the corresponding results for KMn 099 Mg 001 F3 are much 
smaller (see figures 5.3 and 5.4). This is probably because the temperature dependence 
of the domain proportions is greater in the latter. 
In all fits to the tetragonal strain the transition temperature was allowed to 
vary, which enables the character of the phase transition to be deduced. In KMnF 3 , 
the effective transition temperature Tobtained from the fit was 188.6 K and the 
first order step at T = 187.5 K measured as ' 6.7 (2) x 	This measurement was 
also made by Sakahita et al (1981) who found that at T (c /a - 1) =9.9 (1) x iO. 
In KMn 099 Mg 001 F3 , 1' converged at 186.5 K, and the first order step at T 1=183.9K 
was "5.3(2)x10 4 . In KMn09 Mg 01 F3 , the fit gave a transition temperature in 
agreement with T 10  161.7 K within the bounds of experimental error, so the phase 
transition can be considered continuous in this case. 
Two conclusions about the effect of point defects on the R-point structural 
phase transition in KMnF3 can be made: Firstly, that the replacement of manganese 
ions with magnesium ions causes the transition temperature to be lowered, and the 
size of the decrease appears to be linearly related to the concentration of impurity 
ions. Secondly, that this substitution causes the phase transition to become more 
continuous with increasing defect concentration. Renormalisation group calculations by 
Domany et al (1977) considered a variety of systems whose phase transitions, 
continuous within mean-field theory, are driven first order by critical fluctuations. They 
showed that in certain cases a continuous phase transition could be restored by the 
presence of symmetry-breaking fields. lmry and Wortis (1979) also showed that 
microscopic random quenched impurities may produce a smearing of a first order 
phase transition. 
5.3.2 Critical Scattering 
Evaluation of the Critical Exponents VL  and 
The wavevector dependence of the critical scattering obtained with the low 
resolution configuration in KMn 099 Mg 001 F3 and KMn 09 Mg 01 F3 was well described 
by an anisotropic Lorentzian function (with a q dependent width) over a large range of 
the temperatures investigated. The critical exponents y 
L  and VL  describing the 
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temperature dependence of the static susceptibilty XL and inverse correlation length XL 
in KMn099 Mg 001 F3 and KMn 09 Mg01 F3  are shown in table 5.2, together with the 
values found in pure KMnF3  and the theoretically predicted parameters of the n = d 3 
Heisenberg model for the soft-mode (Le Guillou and Zinn-Justjr, 1980). The values 
obtained for KMn 099 Mg 001 F3  are very similar to those of pure KMnF 3 , slightly 
smaller than predicted by the Heisenberg model. The values in KMn 09 Mg 01 F3 are 
considerably larger, implying that the phonon width and amplitude decreased more 
rapidly as T was approached than in the other two cases (as would be expected at 
a continuous phase transition). However, the presence of a second anomalous 
component in the scattering cross section close to T  will affect the values for the 
critical exponents : Examination of the amplitude of the susceptibilty and inverse 
correlation length in the three samples for t> 0.05 shows them to be identical. In all 
fits the transition temperature was allowed to vary, producing an offset from the 
experimentally determined value. The offset is larger in K Mn 099 Mg001 F3 than in 
KMn09 Mg 01 F3  for both the susceptibilty and the inverse correlation length which 
suggests that the transition is more first order for the former, and is consistent with 
the result found by monitoring the tetragonal strain. However the offsets in 
K Mn 099 Mg 001 F3 and KMn09 Mg 01 F3  should not be directly compared those shown 
for KMnF3  because for the latter the data collected at temperatures close to the 
transition temperature could not be fitted unless an isotropic Lorentzian squared 
component was included in the model scattering function. When this was included the 
width and amplitude of the anisotropic Lorentzian component was found to be independent 
of temperature for T < T + 1.5 K, consistent with a first order phase transition. 
The Spectral Response Function 
The results obtained from the analysis of the neutron scattering cross section 
measured in KMn 099 Mg001 F3 and KMn09 Mg 01 F3  with an incident energy of 
3.52 THz is shown in figures 5.20 - 5.23, together with the unprocessed data. As 
mentioned in the analysis section, reasonable fits were obtained in both samples with 
and without the inclusion of a central peak in the scattering model. 
In KMn Q99 M9001 F3 , when a non-zero value of 8 was incorporated into the 
fit, the values of w(O,T) achieved were consistently greater than those obtained with 
8 = 0, as would be expected. This was caused by a decrease in the damping constant 
from 1.10 (15) THz to 0.75 (5) THz, which in both fits was independent of temperature. 
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As the value for the damping constant in KMnF3  has been measured as 0.84 (2) THz 
by Gesi et al (1972), both these values are consistent, though it is expected that if 
impurities are added into a system the damping would increase rather than decrease. 
It can also be seen that when a central peak is included, the resulting temperature 
dependence of the phonon width mirrors more closely the temperature dependence of 
the unprocessed data. The inclusion of a central peak caused a reduction in the size 
of the phonon contribution to the scattering amplitude, shown in figure 5.22; the 
contribution of the central peak is seen to increase exponentially as the transition 
temperature is approached from above. 
In KMn 09 Mg 01 F3 , the effect of a non-zero value of 8 on the obtained values 
of 	(0,T) is less pronounced. This is in part due to the difficulty of separating theph 
observed cross section into two components when the phonon is very narrow, and 
suggests that any central peak is small. However, when a central peak was included 
the damping constant became less temperature dependent (with 8=0 the damping was 
found to decrease with decreasing values of reduced temperature) with an average of 
2.2(3) THz. As in KMn 099 Mg00 ,F3 , the inclusion of a central peak reduced the 
phonon contribution to the scattering amplitude, though to a lesser extent. The central 
peak contribution increases as T is approached, but this contribution is not as large 
as in KMn 099 Mg001 F3 . 
Comparison of the Anomalous Components Observed in the Three Samples KMnF 3 , 
KMn099 Mg 001 F3 and KMn 09 Mg 01 F3 
(1) The widths 
The substitution of magnesium impurity ions for manganese in KMnF3 influences 
the wavevector width of the anomalous component in the x-ray scattering. In the three 
samples KMnF3 , K Mn099 Mg 001 F3 and KMn09 Mg 01 F3 investigated, the anomalous 
scattering measured with the high resolution configuration was found to be broader 
than the resolution limit of " 0.001 (2) V. and to be well described by an isotropic 
Lorentzian squared model convoluted with the resolution function. The deconvolved 
values of the widths ( xL )  obtained for KMn 099 Mg001 F3 and KMn09 Mg 01 F3 
are shown in figures 5.10 and 5.11, and those for KMnF 3  in figure 4.10. At a reduced 
temperature t = 0.001 XL2 	is nominally the same in KMnF3 and KMn 09 Mg 01 F3 , but 
larger in K Mn 099  Mg 001 F3 . This corresponds to a smaller correlated volume at this 
reduced temperature in KMn 099 Mg 001 F3  than in the other two samples. A greater 
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contrast is seen in the temperature dependence of the inverse correlation length 
In KMnF3, )CL2 	increases significantly as the temperature is raised, with a 
temperature dependence described by an exponent v L = 0.8402) which converged 
to zero at the measured transition temperature (corresponding to a divergence of 
the correlation length). In KMn 09 Mg 01 F3 the exponent was 0.7205) but the width 
saturated at a value of 0.0014(5)A 1 at TT 	
' 
+0.9K while in KMn 	Mg 	F 
c 0.99 0.01 3 
the width was nominally temperature independent at a value 0.0018 (6) A 1 , only 
increasing slightly with increasing temperature. The results for KMn 099 Mg001 F3 
and KMn 09 Mg 01 F3  are not easily reconciled with the explanation of the anomalous 
component given at the end of chapter 4, where it was suggested that this scattering 
could be interpreted as large-scale fluctuations into the tetragonal phase mediated by 
defects, and should undergo a continuous phase transition. 
To date, all rjeasurements of the energy width of the central peak observed 
using neutron scattering at a displacive structural phase transition have found it to 
be resolution limited at all temperatures above the transition. Our results indicate 
that an upper resolution limit of 0.02 THz (FWHM) is appropriate for the central 
peak in KMnF3  when magnesium impurity ions are substituted for manganese, and 
we conclude that the addition of impurities does not affect the energy width. 
(2) The Amplitudes 
The deconvolved amplitudes XL2 	of- the anomalous x-ray component observed 
in KMnF3 , KMn099 Mg 001 F3 and KMn 09 Mg 01 F3  are shown in figures 4.11. 5.12 and 
5.13. It is apparent that the scattering is the most intense in KMnF 3 , especially close 
to the transition, and weakest in KMn 099 M9 001 F3 . This result shows that a simple 
substitional impurity does not tend to enhance the component, but rather to reduce it. 
The temperature dependence of the component in KMn 099 Mg 001 F3 and KMn 09 Mg 01 F3 
is quite similar (see figure 5.15 also), and tends to saturate within 0.5 K of the transition 
in both cases. In KMnF3  the temperature dependence of the deconvolved amplitude is 
consistent with a continuous phase transition as it diverges at the measured T. The 
relative importance of the Lorentzian and Lorentzian squared components in the 
scattering model used to describe the data collected using the low resolution 
arrangement is shown in figure 5.14 for the three samples, as a function of temperature. 
This shows the temperature at which the anomalous isotropic Lorentzian squared 
component in the cross section begins to carry most weight. In KMn 099 Mg 001 F3 
and KMn 09 Mg 1 F3  a distinct cross-over point can be discerned, 4K above the 
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transition temperature in KMn 09 Mg 01 F3 and "p2K in KMn 099 Mg 001 F3 . However, 
in KMnF3  the anomalous scattering contribution constitutes the major part from - 8 K 
above T 
C 
and is relatively more iritense than in either KMn 099 Mg001 F3 or 
KMn 09 Mg01 F3 . 
The central peak intensity in KMnF 3  observed in the neutron scattering cross 
section is also reduced when substitutional impurities are present, though analysis of 
the data is complicated because the phonon is overdamped for all temperatures 
investigated so the two constituents are superimposed. In KMnF 3 , the presence of 
a central peak is clearly evident from the high resolution energy scan shown in 
figure 5.17, which reveals a scattering cross section with two features. The scan 
shown in figure 5.18 for KMn 099 Mg 001 F3  is consistent with such a division and 
indicates that the central peak is smaller than in pure KMnF 3 . In KMn 09 Mg01 F3 , 
the central peak cannot be distinguished from the overdamped phonon in figure 5.19 
because of the large damping constant in this sample. Howevec, narrow, low-monitor 
energy scans across the peak using high resolution resulted in scattering which was 
resolution limited in width for all temperatures investigated: This is taken as evidence 
for a central peak in this sample. The results of the analysis of the data collected 
using the low resolution configuration indicate that a central peak is present in both 
KMn 099 Mg 001 F3 and KMn09 Mg 0 1 F3 and is weaker in the latter. 
Comparison of the Anomalous Components Observed in the X-ray and Neutron 
Scattering Cross Sections 
The above comparison shows that the substitution of magnesium ions for 
manganese in KMnF3  does not tend to enhance either the anomalous component 
observed in the x-ray scattering cross section or the neutron central peak, but 
rather to decrease them. However, while the amplitude of the x-ray component 
was enhanced in KMn 09 Mg 01 F3 over KMn 099 Mg 001 F3 , the amplitude of the 
neutron central peak was diminished: This suggests that the two components have 
a different origin. More conclusive evidence is found from a comparison of the 
temperature range over which they are visible. Figures 5.15 and 5.24 show the peak 
intensity of the anomalous scattering, measured using x-rays and neutrons respectively, 
as functions of temperature. The anomalous x-ray component has a very low intensity 
in both K Mn 099  Mg00 , F3 and KMn 09 Mg 01 F3  at a reduced temperature of t = 0.01, 
which corresponds to one or two degrees above the transition temperature. In contrast, 
the neutron central peak persists over a temperature range which is a factor of ten 
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greater, to a reduced temperature of t = 0.1. This is further substantiated by the results 
of fits to the data collected using the low resolution configuration in both the x-ray and 
the neutron experiments. The cross-over temperatures shown in figure 5.14 all lie within 
ten degrees of the respective transition temperatures. Such a cross-over is not 
observed in the neutron results, but the central peak amplitude is first observed some 
twenty-five degrees above the transition in both KMn 099 Mg001 F3 and KMn 09 Mg 01 F3 
5.4 Summary and Conclusions 
The influence of point defects on the R-point structural instability in KMnF 3 
has been studied using x-ray and neutron scattering. The x-ray scattering results 
indicate that for sufficiently high temperatures above the transitions the effect of 
the impurities is minimal, the wavevector dependence of the critical scattering in the 
three samples KMnF 3 , KMn099 Mg 001 F3 , and KMn 09 Mg01 F3 being well described 
by the anisotropic Lorentzian model as expected, with the same anisotropy parameters, 
and giving identical values for the inverse correlation length and static susceptibilty. 
The neutron scattering measurements of the spectral response shows that the effect 
of adding substitutional impurities to KMnF 3 is to increase the damping constant, and 
hence narrow the already overdamped phonon scattering. The same anisotropy parameters 
as used in the x-ray analysis were found to adequately describe the dynamic response. 
Close to the transition temperature an anomalous component was observed in 
both the neutron and x-ray cross sections in addition to the scattering from the 
soft-phonon. 
- The central peaks observed in the spectral response of the two doped 
materials K Mn 099 Mg 001 F3 and KMn 09 Mg 01 F3 first appeared more 
than twenty degrees above the transition temperature, and increased in 
amplitude as the transition was approached. At all temperatures the width 
of this scattering was resolution limited at 0.02 THz. However, in the analysis 
of the data collected with an incident energy of 3.52 THz it was found that 
in both materials reasonable fits were achieved when the central peak amplitude 
was constrained to be zero. This suggested that the central peak in both cases 
was small. A comparison of the scattering at a reduced temperature of 
t=0.033 in the three materials KMnF 3 , KMn099 Mg 001 F3 and KMn 09 M9 01 F3 
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with an incident energy of 1.12 THz showed the central peak to be greater in 
pure KMnF3 than in KMnF3  containing isolated point defects. This indicates that 
the formation of a central peak is not directly related to the presence of'simple 
substitutional impurities and may be an intrinsic phenomenon. 
- The anomalous components observed in the x-ray scattering cross sections of 
KMn 099 Mg 001 F3 and KMn 09 Mg 01 F3  first appeared a few degrees above 
the transition temperature and increased in intensity as T - I was reduced. 
The scattering was broader than the resolution width at all temperatures 
considered, and well described by an isotropic Lorentzian squared model. 
This latter result strongly suggests that this component is related to random 
fields in the system, such as occurs when isolated impurities are present. 
However, the intensity of this component does not increase with increasing 
impurity concentration, and in fact is strongest in the pure material. As 
discussed in chapter 4, the presence of a second type of fluctuation in the 
system at a first order phase transition could explain the anomalous 
scattering: The amplitude of the component 'would then be expected to 
decrease as the phase transition became more continuous. 
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Abstract. X-ray scattering measurements have been performed on the perovskite KMnF 3 to 
investigate the critical behaviour at the cubic-to-tetragonal structural phase transition at 
186 K. The critical exponents describing the temperature dependence of the order 
parameter, the correlation length and the susceptibility have been determined. An anom-
alous second component was observed in the scattering cross section close to the transition 
temperature, in addition to the anisotroic diffuse scattering from the softening R25  normal 
mode. The anomalous component was well described by an isotropic Lorentzian-squared 
lineshape. 
1. Introduction 
KMnF3 is one of a family of perovskite-type crystals (space group Pm3m) which undergo 
an antiferrodistortive-phase transition to a tetragonal structure (space group 14/mcm). 
It is generally accepted that the phase transition is driven by an instability of the high-
temperature cubic phase against a threefold degenerate zone corner, R, mode of 
vibration. The transition is characterised by a three component order parameter with 
wave-vector q = 2r/a o(4, 126, ), and belongs to a universality class with n = 3, cubic 
symmetry, and short-range interactions, for which non-classical critical behaviour is 
expected. It has been shown that KMnF 3 undergoes such a phase transition at a tem-
perature T = 186 K (see, for example, Minkiewicz eta! 1970 and Gesi eta! 1972). The 
transition is found to be slightly first order and the critical fluctuations are nearly two-
dimensional. 
The soft-mode theory of displacive phase transitions (Cochran 1960) suggests that 
as the critical temperature is approached from above the frequency of the R25  normal 
mode decreases to zero. This behaviour, and that given by more detailed theories,would 
suggest that the dynamic critical behaviour of the crystal is characterised by a single 
timescale. However neutron scattering studies by Riste et a! (1971) on SrTiO 3 and later 
Shapiro et a! (1972) on SrTiO 3 and KMnF3 , have shown this characterisation to be 
inadequate. They observed a central component in the scattering profile in addition to 
the phonon-like response. The overdamped phonon peak initially softened in accord 
with the classical soft-mode theory but saturated a few degrees above T,  while the 
narrow component, centred on zero frequency, first appeared at -50 K above Tc and its 
intensity diverged as Tc was approached. These results mean that the near critical 
behaviour of the order-parameter degrees offreedom in displacive phase transitions 
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must be characterised by two distinct timescales. The first of these is a short timescale 
whose magnitude is set by the soft-mode sideband and the second a longer timescale 
associated with the narrow central peak. 
Many attempts have been made to understand the frequency-response function near 
criticality in terms of both intrinsic and extrinsic crystal behaviour. These have been 
reviewed in detail by Bruce and Cowley (1980) and so are only mentioned here. One 
approach is to explain the longer timescale through anharmonic phonon perturbation 
theories (Silberglitt 1972, Cowley and Coombs 1973 and others). Another approach 
provides a more conceptually appealing explanation of the second timescale but is not 
analytically explicit: It associates the central peak with the existence of precursor clusters 
of local order, which introduce an order—disorder component into the collective motion 
(Schneider and Stoll 1973, Krumhansl and Schrieffer 1975 and others). A third approach, 
described in detail by Halperin and Varma (1976), considers the influence of crystal 
imperfections and has the advantage of explaining the two timescales as arising from the 
intrinsic and defect behaviour respectively. 
In the present paper we extended the work of Andrews (1986) on SrTiO 3 and of 
Ryan et al (1986) on RbCaF 3 by using the same experimental techniques to investigate 
the displacive phase transition near criticality in KMnF 3 . Measurements of the x-ray 
scattering profile for all three materials show behaviour which is not consistent with 
classical intrinsic theories since they show a central peak (corresponding to a long length 
scale) superimposed upon the expected phonon profile (corresponding to a shorter 
length scale). The work by Andrews suggested that the narrow component was resolution 
limited but in the case of RbCaF 3 and KMnF3 both components can be resolved. We 
find that both components are temperature dependent and that the long length scale 
diverges at the transition temperature whereas the short length scale remains finite at 
this temperature. 
2. Experimental arrangement 
The x-ray scattering measurements were performed on a two-circle, triple-crystal dif -
fractometer. The function of the third (analyser) crystal in front of the detector is to 
control the angular divergence of the x-ray beam scattered from the sample. Cu Ko, 
radiation was produced by a rotating anode generator operating at 3 kW with a focal 
spot size of 3 x 0.03 mm 2 . The incident and scattered radiation were collimated by 
reflection from either pyrolitic graphite (0002) or silicon (111) planes. When flat 
pyrolitic graphite monochromator and analyser were used the wave-vector resolution 
produced in the scattering plane was —0.02(2) A- ' and 0.007(2) A-I (Fwi-iM) per-
pendicular and parallel to the scattered wave-vector respectively. When graphite was 
replaced with single-crystal silicon, the wave-vector resolution was decreased to a FWHM 
of --0.001(2) A' in both directions in the plane. This difference arises because the 
mosaic spread of the pyrolitic graphite is considerably greater than that of the single-
crystal silicon, the latter giving rise to a highly monochromated beam. In both cases the 
out-of-plane resolution was —0.07(1) A- '. This is relatively poor in comparison with the 
in-plane resolution and arises largely from the height of the monochromator, sample 
and analyser crystals. 
The KMnF 3 crystal was grown by the Bridgman method, and samples of approximate 
size 5 x 5 x 5 mm were cleaved from the boule. The sample showed visible signs of 
growth strains and gave an x-ray rocking curve width of —0.0085(5)° (1wvI). 
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The sample was attached in a strain free manner to the cold finger of a closed-cycle 
cryostat, and oriented with the face normal [00 11 and a cubic [11 0] axis in the horizontal 
plane of the diffractometer. The scattering plane which was investigated was therefore 
(1 —1 0). The temperature stability of the cryostat was ±0.01.K and temperatures were 
measured absolutely with an accuracy of ±0.02 K. 
3. Theory of critical scattering 
X-ray scattering measures the differential scattering cross section integrated over all 
energy transfers. The one-phonon scattering cross section in a perfect crystal approxi-
mation is given by 
S(Q) = 	(Q + q)F,(Q)F1 (—Q),1 (q) 	 (1) 
where 
1(q) is the static displacement—displacement correlation function, related in the 
classical approximation to the generalised susceptibility x,(q) by a factor of 11kB T 
(Cowley 1980). 
i(Q + q) ensures wave-vector conservation, Q + q = r, a reciprocal-lattice 
vector. 
F,(Q) = fk(Q) exp(—Wk)Q . e(k, q,) exp[i(Q + q) . Rk] 	 (2) 
is the one-phonon structure factor, a measure of the interaction between initial and final 
states of the system. The sum runs over all atomic sites Rk in the unit cell., fk  being the 
form factor and exp(—Wk) the Debye—Waller factor for the kth atom in the unit cell. 
The eigenvectors of the normal modes of the system are given by e(k, q 1). We are 
interested in scattering in the vicinity of the R point in the cubic Brillouin zone, of wave-
vector rR,  which corresponds to rotations of the MnF 6 octahedra about the three cubic 
axes. Any scattering from other modes varies only slowly with Q close to the R point, 
tR, and is assumed to contribute only to the constant background. The important 
eigenvectors in equation (2) are therefore e(k, rR, i), where i refers to the three com-
ponents of the R25 mode. Any variation with q in the structure factors has been neglected. 
The soft-mode concept, introduced independently by Anderson (1960) and Cochran 
(1960) for a harmonic crystal, views the phase transition as an instability against a 
particular normal mode whose frequency decreases to zero at T. The wave-vector 
dependence of the frequency of these normal modes can be expanded as a Taylor series 
in q. There is no linear term in q when the order parameter has a high symmetry wave-
vector. In general the coefficients of the quadratic terms depend upon the direction of q 
and these may be reduced by symmetry (Cowley 1980) so that 
w(q) = [w(q = 0) + A(q 2 +fq)]ô,1 + hq,q1(1 - ô 11 ). 	 (3) 
The frequency is connected to the static susceptibility by the equation 
X (q) = w(q). 
	 (4) 
Hence the critical scattering will be Lorentzian in wave-vector, with width depending 
upon the wave-vector direction. 
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The dispersion in the scattering about the R point in KMnF 3 has been measured using 
neutrons by Gesi eta! (1972). The observed parameters are A = 42.0 ± 0.5 THz 2 A 2 ,f = 
—0.99 ± 0.01 and h = 0.14 ± 0.04. The diffuse scattering is therefore of rod-like streaks 
along the cubic (1 00) directions in the cubic phase (Comes eta! 1971), sincef - —1 and 
h is small. This can be understood qualitatively in terms of the rotations of the fluorine 
octahedra about a [1 00] axis. The fluctuations are highly correlated within the (1 00) 
plane due to a cogwheel motion between neighbouring octahedra. The inverse cor-
relation length of these in-plane fluctuations is given by 
K = 22r/ = ((o2/))1/2 	 (5) 
where is the correlation length. There is no similar strong correlation between atoms 
along the [1 00] axis because the shared inter-planar fluorine atoms are stationary. 
The structure factors for the phonon modes corresponding to rotations of the fluorine 
octahedra about the three cubic axes x, y, and z for wave-vectors in the (1 —1 0) plane 
are found to be F(Q) = F(Q) = F, and F(Q) 0. The expectation is therefore of large 
and equal scattering in the (q 00) and (0 q 0) directions (because f is close to —1), but 
little in the (00 q) direction (because F(Q) = 0). 
The temperature dependence of the static susceptibility at q = 0 is described by the 
equation 	 11 
XL = x,1(q = 0) = C+ t_ 	 (6) 
where t = (T/T - 1) and the superscript refers to a Lorentzian scattering model. This 
exponent is unity for classical theories, but is larger when critical effects are important. 
Similarly the temperature dependence of the inverse correlation length of the fluc-
tuations of the R 25 normal mode can be characterised by the equations 
KL = K0t'L 	K0 = 2r/, 	 (7) 
where v 1 is of the order I in classical theories and somewhat larger when critical effects 
are important. 
When an antiferrodistortive phase transition such as in KMnF 3 occurs new Bragg 
peaks appear in the distorted phase as a result of cell doubling, the intensities of 
which are directly proportional to the square of the order parameter. The temperature 
dependence of the integrated intensity gives a measure of the exponent f3 used to describe 
the variation of the primary order parameter. 
In this section the theory has been based thus far upon the assumption that the sample 
is a perfect crystal. Using a mean-field approximation we now relax this assumption and 
consider the effect of symmetry breaking defects. The presence of isolated impurities 
frozen in symmetry breaking positions produces random static fields which couple 
linearly to the order parameter (Imry and Ma 1975) and produce a non-zero value of the 
local order parameter above T in the vicinity of the impurity. This gives rise to so-called 
Huang scattering (Huang 1947). Specifically, the increase in potential energy due to this 
coupling is 
V = N 112 E U(q)Q(q) 	 (8) 
q 
giving 
(Q(q)) = N 112 	U(q)x 0 (q) 	 (9) 
'I 
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where ,1(q) is the static wave-vector-dependent susceptibility of the host. Hence the 
observed scattering is given by 
S(q) = c 	x(q)IU(q)J 2 	 (10) 
where c is the concentration of impurities. We therefore expect to see a Lorentzian-
squared component in the structure factor (Halperin and Varma 1976). This component 
is more significant close to T. where the phonon frequency is small. The amplitude of 
the Lorentzian-squared scattering has a temperature dependence 
XL2 = 	= 0) = c()r ' L2 . 	 (11) 
4. Experimental results 
4.1. Measurement of T 
The antiferrodistortive transition to a tetragonal phase occurs in KMnF 3 at 186 K and is 
generally found to be slightly first order. In this experiment the transition temperature 
was measured by monitoring the intensity distribution of a Bragg peak as the temperature 
of the crystal was lowered, using high resolution (silicon monochromator and analyser 
crystals). A typical example is shown in figure 1. On cooling, the (004) cubic reflection 
splits into a number of different peaks at T, caused by the domain structure of the crystal 
in the tetragonal phase. The transition temperature is T = 187.5 ± 0.08 K. 
Maetz et al (1978) predict that a cubic Bragg reflection will split into three tetragonal 
peaks below T, each corresponding to a rotation of fluorine octahedra about one cubic 
axis. At the symmetric (004) reflection the two domains with their c axes in the plane 
of the crystal are superimposed, giving rise to only two peaks. However recent work on 
RbCaF3 by Gibaud et a! (1987a) shows this description to be inadequate because the 
domains are rotated with respect to each other. This analysis suggests that, around the 
(004) Bragg reflection, six peaks will be observed in a (1 —1 0) projection below T. 
In figure 1 only three peaks can be seen. It was found that the number of peaks 
detected corresponding to a given Bragg reflection and their relative intensities, varied 
as the x-ray beam was moved across the sample face. The intensities of the two major 
peaks of the (11 4) reflection below T were measured as a function of position across 
the sample, using low resolution (graphite monochromator and analyser crystals), and 
are shown in figure 2. At the —2 mm position there are approximately equal proportions 
of both domains, while at the +1.5mm position one of them dominates. The total 
intensity is roughly constant across the sample face and the integrated intensity did not 
alter significantly with temperature. This suggests that the domains are of macroscopic 
size. 
A careful examination of a Bragg peak at a multi-domain point on the sample, using 
high resolution, shows five of the six peaks predicted by Gibaud and co-workers (figure 
3). Their model can be tested by a measurement of the angle 0 in figure 3, which should 
correspond to tan_ 1 (ct/at\/2) (see the Appendix). At T = 150 K, Ct/at  was measured as 
1.0042(1) from an analysis of the positions of the peaks in the (00 1) direction in figure 
3. This predicts the angle to be 0 = 35.15(1) which is in good agreement with the 
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-0.0015 	0 	0.0015 	 11101 
(004) Bragg reflection 
Figure 1. Intensity contour plot of the x-ray scattering from the Bragg reflection (0 0 4) as 
the crystal is cooled through T, showing the abrupt splitting into domains at T. The. 
reciprocal-space axes are in units of 2.7r/ao . 
4.2. Measurement of the exponent /3 
As described in § 3, the temperature dependence of the integrated intensity of the zone-
boundary scattering below the transition temperature is characterised by the critical 
exponent 2/3. In a perovskite material such as KMnF 3 the method is complicated by the 
systematic absence of one of the tetragonal peaks, below T, at any superlattice reflection 
in the (1 —1 0) plane. This means that if the relative proportions of the different domains 
are significantly temperature dependent the exponent /3 cannot be obtained. However, 
it is also possible to evaluate this critical exponent using x-ray scattering by a measure-
ment of the tetragonal strain of the crystal as a function of temperature, since it is a 
secondary-order parameter. 
Figure 4 shows the intensity of scattering at the (0.5 0.5 3.5) reflection, measured 
using the low-resolution configuration, as a function of position and temperature. On 
approaching T, the dependence of the scattered intensity does appear to vary across 
the sample face. The extent to which this is significant is shown in figure 5. These curves 
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- Position on sample face (mm) 
Figure 2. Peak x-ray scattering intensities (arbitrary units) of the two domains for the Bragg 
reflection (11 4) at T = 160 K as a function of position across the sample face. The circles 
refer to the first domain, and the crosses to the second domain. The total peak intensity (the 
sum) is shown by the triangles. 
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Figure 3. Intensity contour plot of the x-ray scattering from the Bragg peak (0 0 2) at T = 
150 K showing the domain structure pattern as described in the text. In the (0 0 1) direction 
the peaks lie at two wave-vectors only; the wave-vector furthest from the origin in reciprocal 
space corresponds to the lattice parameter a, and that nearer to the origin to the lattice 
parameter c. The angle 0 measured on the figure is 35(1)°. The reciprocal-space axes are in 
units of 27r/ao . 









Position on sample face (mm) 
Figure 4. Integrated x-ray scattering intensity (arbitrary units) for the reciprocal-lattice point 
(0.5 0.5 3.5), obtained in a measurement of the rocking curve, as a function both of position 
on the sample face and temperature. At this position in reciprocal space only two of 
the three domains contribute to the scattering. The different symbols refer to different 
temperatures: open circles, 150 K; crosses, 180 K; closed circles, 195 K; triangles, 187 K. 
resolution (graphite monochromator and no analyser crystal), at positions —2 mm, 
—1 mm and + 1.5 mm on the sample face. This intensity is obtained from a measurement 
of the rocking curve which is then integrated over the scan. 
The data points for each curve were independently fitted over the range T = 
150—p 190 K by a least-squares procedure to the power law I - t 2 , t = (T/T - 1). 
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Figure 5. Integrated x-ray scattering intensity (arbitrary units) from the reciprocal-lattice 
point (0.5 0.5 3.5), obtained in a measurement of the rocking curve on cooling through T. 
The three data sets were measured at different points on the sample face; set A at +2 mm, 
set B at —1 mm and set C at —2 mm. The smooth curves are least-squares fits to the power 
law I - as described in § 4. The inset shows the integrated intensity, obtained with higher 
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Figure 6. Measurement of the parameter (cja1  - 1) as a function of temperature below T, 
for the Bragg peak (004). 
Temperatures up to 187.3 K were included in all cases and the transition temperature 
allowed to vary (giving a value T). The full curves are the results of this fit and the 
broken lines indicate the actual transition temperature for each set of data. Curve A 
shows an approximately continuous phase transition with T - 187.5(1) K and exponent 
= 0178. Curve B displays a definite first-order transition with an abrupt jump at 
T - 187.3(1) K and I = 0.135. Curve C also shows a continuous transition with 
T - 187.3(1) K and 3 = 0.205. This suggests that the character and the temperature of 
the transition are not consistent across the sample face. 
The tetragonal strain in KMnF 3 was measured using high resolution by monitoring 
the ratio of the positions of the domain peaks for the (004) Bragg reflection in the [00 11 
direction as a function of temperature. The results are shown in figure 6. The full curve 
is a least-squares fit to the power law (c/a - 1) - t, with the transition temperature 
allowed to vary, while the broken line is the actual transition temperature. The fit gives 
Tc = 188.6 K and f = 0.26. Table 1 contains a summary of the results for all enlarged 
measurements of the order parameter, which are discussed in § 5. 
4.3. Critical scattering 
4.3.1. Introduction. The wave-vector dependence of the critical scattering above T was 
measured around the, reciprocal-lattice point (0.5 0.5 3.5) using both low and high 
resolution arrangements. The measurements were made at the + 1.5 mm position on the 
Table 1. The critical exponent P (errors in brackets). 
Curve T (K) 
A 188.0(0.1) 0.178(0.004) 
B 187.7 (0.07) 0.135(0.008) 
C 187.9(0.1) 0.205 (0.005) 
(cja, - 1) 188.6 (0.07) 0.26(0.02) 
Theory for n = d = 3 - 0.365 (0.002) 
Heisenberg 
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sample face where the scattering was most intense. Examples of low-resolution scans 
parallel to [11 0] are shown in figure 7. The scattering profile was found to change as T 
was approached, with a temperature dependent width. Similarly, the scattering shown 
in figure 8, measured using high resolution, also has a temperature dependence. At this 
resolution it is only possible to detect extremely sharp components in the scattering 
profile, any broad part being indistinguishable from a uniform background. 
X-ray scattering measurements of the R-point instability in SrTiO 3 and RbCaF3 have 
been made by Andrews (1986), Ryan eta! (1986), and Gibaud eta! (1987a, b). These 
crystals showed an anomalous profile in the critical scattering at the R-point above T 
which appeared to consist of two length scales. In SrTiO 3 the scattering was analysed in 
terms of a one-phonon component (Lorentzian) together with a resolution limited 
component. This second component first appeared some 10 K above T, and increased 
in intensity as T was approached. In RbCaF 3 , a similar profile was measured using low 
resolution, but a closer investigation of the narrow component using higher resolution 
found it to be broader than the instrumental resolution, with a wave-vector width which 
decreased continuously to the resolution limit at T. This component was observed in 
the temperature range T -* T + 8 K. 
The next section describes the analysis of the critical-scattering measurements made 
on KMnF3 using x-ray diffraction. 
4.3.2. Analysis of results. The smooth curves through the data points in figures 7 and 8 
200 
EL 1!\\. YL5+1.K 
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-0.06 -0.04 -0.02 	0 	0.02 	0.04 	0.06 
Wove-vector, 
Figure 7. The diffuse x-ray scattering obtained using the low-resolution configuration for 
wave-vector Q = (0.5 + , 0.5 + , 3.5) at various temperatures above T. The curves are 
least-squares-fits to a Lorentzian (anisotropic) plus a Lorentzian-squared (isotropic) model 
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Figure 8. The diffuse x-ray scattering obtained using the high-resolution configuration for 
wave-vector Q = (0.5, 0.5,2.5 + ) at temperatures close to T. The curves are least-
squares fits to an isotropic Lorentzian-squared model convolved with the instrumental 
resolution function. 
are least-squares fits to the trial function 1(q), where 1(q) consists of a model scattering 
function S(q) convolved with the instrumental response function R(q) 
1(q)=j S(q)R(q1—q)dq1. 	 (12) 
ql 
The fitting was performed on the distributed array processor, (DAP) at the University 
of Edinburgh. The DAP consists of 4096 processing elements in a 64 by 64 array, each of 
which executes the same instruction on an independent data stream. The program used 
was written for investigation of neutron and x-ray scattering data (see Mitchell and Dove 
1985). Use of the DAP facilitates numerical integration over all three cubic directions, 
alleviating the need to approximate the vertical resolution by a triangular function. Also, 
the anisotropy in the scattering function can be included without significantly increasing 
the computational time. - 
The theory of § 3 suggests that an appropriate model S(q) for the one-phonon 
scattering above T0  is an anisotropic Lorentzian (see equations (1-4)). Pairs of scans 
with wave-vectors in the directions (0.5 + 0.5 + 3.5) and (0.5 0.5 3.5 + ) 
(obtained using low resolution) were fitted simultaneously to equation (12) with this 
model. The measured dispersion relation (Gesi et a! 1972) gave f = —1 to reasonable 
accuracy, and h small. The data was fitted keepingf= —1, with h = 0 and h = 0.14, to 
test the anistropy in the dispersion (i.e. the extent of coupling between rotations about 
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were varied, with a fixed background. The fit was assessed in terms of the 'goodness of 
fit' parameter G = (x2/degrees of freedom)" 2 . Contrary to the results of Andrews (1986) 
on SrTiO 3 , the analysis of the data for the two different anisotropy parameters h 
produced identical values for both of the exponents VL  and YL. This is probably because 
the scattering is more two-dimensional in KMnF 3 . 
Initially, data collected over the entire temperature range (T—+ T + 50K) was 
fitted to this model. The model was found to fit well for temperatures greater than 
T + 8K, with typical fits of G = 1.10 (T = 240 K) and G = 1.59 (T = 200K). Closer to 
Tc  the goodness of fit parameter was found to increase rapidly, for example, to G = 3.97 
(T = 190 K) and G = 5.04 (T = 189 K). The last part of § 3 gives a theoretical foundation 
for the inclusion of a Lorentzian-squared component in the scattering cross section at 
temperatures close to T, of similar anisotropy and width to the Lorentzian component 
but different amplitude. However it was found this model did not significantly improve 
the fit (G = 3.95 (T = 190 K) and G = 5.03 (T = 189 K)). The recent work on SrTiO 3 
and RbCaF 3  described above suggests that the inclusion of a second length scale in the 
scattering function would be appropriate, although the theoretical basis for this is still 
under discussion. Consequently the Lorentzian-squared component was constrained to 
be isotropic, and of a different width to the Lorentzian part. The data was fitted to this 
model; the two amplitudes XL, XL2 and two widths K1, KL2 were varied, again with a fixed 
background. Some examples of the goodness of fit are G = 1.61 (T = 190 K) and G = 
1.74 (T = 189 K). The obtained values of the four parameters XL, XL2, KL and KL2 as 
functions of the reduced temperature t = (T/T - 1) are shown in figures 9 and 10. The 
temperature dependence of these parameters is discussed below. 
A second experiment using high resolution was performed on KMnF 3 to establish 
10_2 
io 
Figure 9. Inverse correlation lengths obtained from the analysis as described in the text of 
the diffuse x-ray scattering, in units of 2.ir/ao , for the reciprocal-lattice points (0.5 0.5 3.5) 
and (0.5 0.5 2.5) (crosses only). The full circles correspond to data analysed using the 
anisotropic Lorentzian-only model, withf = —1, h = 0. The crosses and triangles refer to 
data analysed using the Lorentzian (anisotropic) + Lorentzian-squared (isotropic) model, 
the crosses to the Lorentzian inverse correlation length and the triangles to the Lorentzian 
squared inverse correlation length. The open circles refer to the high-resolution data, the 
model being Lorentzian-squared only, withf= h = 0. In all cases the full curves are least-
squares fits to the power law discussed in the text. 
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Figure 10. Amplitude (arbitrary units) obtained from the analysis as described in the text of 
the diffuse x-ray scattering for the reciprocal-lattice points (0.5 0.5 3.5) and (0.5 0.5 2.5) 
(crosses only). The full curves are least-squares fits to the power laws discussed in the text. 
the presence of the second length scale KL2. As mentioned earlier, this component 
was unresolved in SrTiO 3 and RbCaF 3  (using graphite monochromator.and analyser 
crystals), and found to be Lorentzian squared and isotropic with a temperature depen-
dent width in RbCaF3  (using silicon monochromator and analyser crystals). The scat-
tering obtained for KMnF 3 , examples of which are shown in figure 8, was found to vary 
in amplitude and width with temperature. Initially, pairs of scans with wave-vectors in 
the directions (0.5 + 0.5 + 3.5)and(0.5 0.5 3.5 + ) were analysed simultaneously 
in terms of an anisotropic Lorentzian scattering model, as for the low-resolution data, 
but the fitted curves did not describe the results. Because of this failure, the Lorentzian-
squared form was fitted to the data; it was found that the fit would not succeed unless 
the anisotropy was removed. An adequate fit was obtained using an isotropic Lorentzian-
squared model of amplitude x and width K. Some examples of fits obtained are G = 
1.76 (T= 188 K) and G = 1.42 (T= 187.7K). The obtained values of the parameters 
are shown in figures 9 and 10 as functions of t. As can be seen, there is little agreement 
between KL2 and this is probably due to the limitations of the assumed model. The 
measurements made using silicon monochromator and analyser crystals were difficult 
because of the weak scattering involved. The results were not easily reproducible being 
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Table 2. Critical exponents of the Lorentzian component (errors in brackets). 
(A) (T - T) (K) YL 	 (T - T) (K) 
KMnF3 	 0.62 (0.07) 	31(6) 	—0.12 (0.03) 	1.19 (0.11) 	—0.12 (0.03) 
SrTiO 3 0.83 (0.05) 46 (5) - 	 1.4 (0.1) - 
RbCaF3 	 0.64 (0.07) 	27 (5) 	—0.54 (0.1) 	1.34 (0.11) 	—0.74 (0.1) 
Theory for n = d = 3 0.705 (0.003) - - 	 1.386 (0.004) - 
Heisenberg 
4.3.3. Measurement of the critical exponents. The critical exponents VL and YL cor-
responding to the anisotropic Lorentzian model described in § 3 are given by equations 
(6) and (7). The data from the temperature range T = 189 - 240 K was fitted by a least-
squares technique to these equations with the transition temperature, the amplitude, 
and the exponent allowed to vary. The effective transition temperature found from this 
anslysis is T. The results are shown in table 2 and will be discussed in § 5. Similarly, the 
critical exponents VL2 and YL2 corresponding to the isotropic Lorentzian-squared com-
ponent included in the analysis for T < 189 K have been fitted to equations (7) (with XL2 
and VL2) and (11) for both the low and high resolution data. The results are shown in 
table 3 and will also be discussed in § 5. In this temperature range the anisotropic 
Lorentzian component converged to a constant correlation length and amplitude at T 
as expected for a first-order phase transition. 
4.4. The character of the Lorentzian-squared component 
The character of the narrow component shown in figure 8, was further investigated using 
high resolution. As shown in the inset of figure 5, a careful measurement of the integrated 
intensity of the critical scattering using silicon indicates a continuous phase transition. 
This was found to be consistent across the sample face. It was also found that, although 
the cubic Bragg reflection (004) jumps abruptly to its tetragonal phase positions at T 
(figure 11), as expected for a first-order phase transition, the narrow component of the 
critical scattering does not undergo any discontinuous shift in position at T, and is 
already displaced from the cubic R point above T. This suggests that the scattering is 
due to a tetragonal structure with a fixed strain (c/a ratio) just above T. A similar result 
was obtained in RbCaF 3 (Ryan etal 1986). 
Table 3. Critical exponents of the Lorentzian-squared component (errors in brackets). 
(A) (T —T,)(K) 	Yu 	 (T 	T)(K) 
KMnF3 
low-resolution data 0.49(0.06) 38(4) —0.14 (0.03) 	1.00(0.08) 	—0.15 (0.03) 
KMnF3 
high-resolution data 0.84(0.12) 20(8) —0.04 (0.05) 	1.24(0.16) 	0.01 (0.06) 
RbCaF3 
high-resolution data 0.60(0.08) 66(3) —0.004 (0.006) 	- 	 - 
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Figure 11. The position of the peaks (004) (circles) and (0.5 0.5 3.5) (triangles) with respect 
to their cubic positions in the (00 1) direction as a function of temperature, all scans being 
measured using high resolution. The reciprocal-space axis is in units of 2r/a o . 
5. Discussion of results 
5.1. Temperature dependence of the order parameter 
The order parameter of the critical fluctuations below T. at the R point in KMnF 3 has 
been measured using x-ray scattering in two ways. Integrated intensity measurements 
of the R-point scattering below T (figure 5) were found to differ in temperature 
dependence across the sample face (see table 1) because domain proportions depend 
upon temperature. Close to T the influence of domains has particular importance since 
the character of the transition and the temperature at which it occurs vary. A quantitative 
measure of the temperature dependence of the domain volume distribution has been 
made for KMnF 3 by Tietze eta! (1982) who found that the domain volumes are equally 
distributed at Tc  and grow rapidly to a saturation ratio of 70:20: 10% at temperatures 
of T - 10K and less. (In our experiment we see the first two domains superimposed.) 
Although this can explain the differences in the integrated intensity measurements close 
to the transition, we found the saturation ratio was not constant across the sample face. 
In conclusion, it is not possible to attach much significance to the values of the critical 
exponent /3 obtained by this technique; the low values however do indicate the import-
ance of extinction in a large sample. 
Measurement of the temperature dependence of the ratio of lattice parameters c 
and a (figure 6) gives an acceptable value for /3 since these quantities are insensitive to 
the domain structure; our result is /3 = 0.26(2). Then = d = 3 Heisenberg model predicts 
0 = 0.365(2) (Le Guillou and Zinn-Justin 1980). This exponent is appropriate asymptot-
ically where the anisotropy parameterf is renormalised to zero at T (Bruce (1980), but 
expected to be greater in systems with anisotropyf close to —1 (Natterman and Trimper 
1975). It has also been shown (Fisher and Nelson 1974, Aharony and Bruce 1974) that 
the tetragonal strain accompanying the-phase transition has a temperature dependence 
described by /3 where /3 = 2 - - p. Here q2 is a crossover exponent reflecting the 
instability of the Heisenberg fixed point against a 'perturbation' of uniaxial symmetry. 
For n = d = 3, they find /3 - 0.85 which differs appreciably from the exponent 2/3 = 0.73 
predicted by Landau theory. Our result is considerably lower than either of these values 
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and even than the d = 3 Ising model of 0.315(2) (Fisher 1974). Ising behaviour is possible 
if the sample is single domain with an orienting mechanism (strain field) which selects 
the mono-domain axis (Courtens 1972, Aharony and Bruce 1974). 
The critical exponent has been reported as Aby Borsa (1973) (from an analysis of the 
quadrupole coupling constant) and also by Hirotsu and Sawada (1973) and Benard and 
Walker (1976) (from measurements of the birefringence). A more recent measurement 
of the lattice parameter a by Sakahita etal(1981), using high-angle double crystal x-ray 
diffractometry, found the exponent to be /3 = 0.2857(6), in reasonable agreement with 
our result. Sakahita and co-workers suggest that the value of 0 is small because the weak 
first-order phase transition occurs in the vicinity of a tricritical point (Aharony and Bruce 
1979). Our results further substantiate this idea. Following the publication of the work 
by Sakahita and co-workers, the tricritical behaviour in KMnF 3  has been investigated 
by means of specific heat measurements (Stokka et al 1981). They found KMnF3 to have 
two consecutive tricritical points joined by a second-order line near p = 0.25 kbar and 
T = 188 K for pressure applied along the 1 00) direction. 
5.2. Critical scattering 
5.2.1. One-phonon scattering description. The one-phonon scattering from the R 25 mode 
discussed in § 3 is adequate to describe the observed scattering cross section in the 
temperature range 0.01 <t < 0.3. In the Ornstein—Zernike approximation (small q 
limit) the expected cross section for general wave-vector transfer is described as the 
sum of two anisotropic Lorentzians of different widths because the x-rays couple to 
fluctuations of two different R 25  modes. At any given temperature the observed scat-
tering profile closely agreed with the form of dispersion given by neutron scattering 
measurements (Gesi et al 1972), showing f= —1 and h small. The cross section was 
found to be largely independent of the parameter h; the critical exponents are insensitive 
to the amount of anistropy in the dispersion. 
The critical exponents 1L and YL obtained from the analysis are shown in table 2, 
together with the experimentally determined values for SrTiO 3 and RbCaF 3 measured 
using x-rays, and the theoretically predicted parameters of the n = d = 3 Heisenberg 
model (Le Guillou and Zinn-Justin 1980). As mentioned above the intrinsic critical 
behaviour of KMnF 3  is only expected to be close to that of the Heisenberg fixed point 
in the asymptotic limit, the effect of non-zero anisotropy is to raise the critical 
exponents by a few per cent. However, the experimentally determined values of v 1 = /) 
	
	0.62(7) and YL = 1.19(11) are actually smaller than predicted; this is attributed to 
changes in the scattering profile close to T causing KL to be artificially high. 
The value for VL  agrees favourably with that found in RbCaF 3 and is less than that 
measured in SrTiO 3 . The reason for the anomalously high value in SrTiO 3 is unclear. 
The correlation length at 2T is of the same order of magnitude in all three materials. 
It should be noted that the transition temperature was allowed to vary in the analysis 
of both the KMnF3 and RbCaF 3  data producing an offset from the experimentally 
determined value, which represents a measure of the first-order character of the phase 
transition. In SrTiO 3  the width decreased rapidly close to T with a temperature depen-
dence of v 1 - 2-3 which is physically unreasonable: This change coincided with an 
alteration in the experimental configuration from low to high resolution and with the 
increasing importance of the quasi-Bragg component in the scattering cross section, and 
is probably due to an analysis in which a Lorentzian squared component was neglected. 
In the fit the transition temperature was constrained to equal the measured T. Another 
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point to note is that the x-ray data for KMnF 3 was adequately described by the anisotropy 
parameters measured by Gesi et a! (1972). In SrTiO 3 and RbCaF3 it was necessary to 
reduce the anisotropy determined by neutron scattering techniques slightly in order to 
fit the x-ray data. 
5.2.2. Anomalous scattering profile close to T. In this section the second component 
observed close to the transition temperature is discussed with reference to the x-ray 
experiments on SrTiO 3 , RbCaF3 and KMnF3 . In all three materials it was necessary to 
introduce a second component into the analysis of the low-resolution data close to T. 
In SrTiO 3 and RbCaF 3 the component was unresolved, and in KMnF 3 it was isotropic 
and nominally Lorentzian squared in form with a temperature-dependent width. Further 
measurements using the high-resolution configuration showed the narrow component 
in RbCaF3 to have a similar profile to that in KMnF 3 , but in SrTiO 3 it remained 
unresolved with a width independent of temperature,the instrument-limited width being 
—0.001 A-1 (FwHM) in all cases. This difference may be an artefact of the Lorentzian 
squared model used for the analysis. No quasi-Bragg component was observed in 
RbCaF3 and KMnF3 . 
The high-resolution measurements on several samples of SrTiO 3 with different 
surface preparations showed a variation in intensity of the quasi-Bragg peak. In par-
ticular the narrow component observed from sample II (polished and etched) initially 
increased in intensity with repeated temperature cycling through the transition but 
eventually saturated at a value some five times larger than the initial value, close to that 
measured in sample III (annealed and oxidised) which showed no evidence of history 
dependence. The intensity of the quasi-Bragg component in sample IV (reduced in 
vacuum) was roughly twice that in sample III at the same value oft. History-dependent 
scattering at the R point was observed in the high-resolution measurements on KMnF 3 , 
where no saturation occurred (§ 4.3.2.), but the results in RbCaF 3 were approximately 
reproducible. Of the three RbCaF 3 ' samples investigated, one showed no anomalous 
second component close to T: This sample differed from the others only in its smaller 
mosaic spread, the surfaces of all samples being prepared in a similar manner. It 
should also be noted that at any particular temperature the intensity of the quasi-Bragg 
component in all samples of SrTiO 3 did not vary by more than 10 per cent when the x-
ray beam was scanned across the crystal surface. This differs from the measurements 
on RbCaF3 and KMnF3 which showed the critical scattering at the R point to vary 
considerably with position of the x-ray beam on the sampl.e face. 
The isotropic Lorentzian-squared scattering cross section measured in RbCaF 3 and 
KMnF3 was found to have a temperature dependent width and to originate from a 
tetragonal structure. The results for the critical exponents VL2  and YL2  are shown in table 
3. In the case of RbCaF3 YL2  was constrained to be 2L2  The hysteresis in the high-
resolution critical scattering measurements in KMnF 3 is reflected in the associated 
errors, but there is little agreement between the data collected using graphite mono-
chromator and analyser crystals and that when graphite was replaced with silicon. It 
is therefore only possible to establish a qualitative temperature dependence for this 
component in KMnF 3 . The analysis of the high-resolution data in both RbCaF 3 and 
KMnF3 showed the correlation length and amplitude of the Lorentzian-squared com-
ponent to diverge at or close to T. The correlated volume at T + 0.5 K had a linear 
dimension of —4000 A in RbCaF3 and —2000 A in KMnF3 : The quasi-Bragg component 
in SrTiO 3 corresponded to a correlated tetragonal volume of size —8000 A which 
remained approximately unchanged over the temperature range T -' T + 3.5 K. 
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5.2.3. Surface effects. The influence of the surface upon the scattering profile has been 
considered in detail by Andrews (1986) who treats the surface as a macroscopic symmetry 
breaking defect. The model attributes the quasi-Bragg component to a surface layer in 
which the low-temperature tetragonal phase is stabilised by the surface. It is possible for 
this model to explain the unresolved wave-vector width in SrTiO 3 if the surface is rough 
or contains a compressive strain. However, the model also predicts the surface scattered 
intensity to be independent of the x-ray penetration depth It, and consequently the ratio 
of surface to bulk scattering to be inversely proportional to z. Measurements of this 
ratio at (0.5 0.5 2.5) and (0.5 0.5 4.5) in SrTiO 3  were found to vary by less than twenty 
percent compared with the difference in i between the two wave-vectors of a factor of 
2.3. In KMnF3  the ratio of the integrated intensity at the two reciprocal-lattice points 
(0.5 0.5 2.5) and (0.5 0.5 3.5) (measured using silicon monochromator and no analyser 
crystal) was independent of temperature on cooling through T at approximately the 
value predicted by the bulk (after the normal corrections to the intensity had been 
made). These results suggest that the scattering cannot be attributed to the surface. 
Further evidence is provided by the measurements on RbCaF 3 , where the surfaces of 
all three samples were prepared in a similar way yet did not all display the same 
anomalous component in the scattering cross section close to the transition. Also, the 
correlation length measured in RbCaF 3 and KMnF3 using high resolution was observed 
to be temperature dependent, which cannot be explained by the surface model. 
5.2.4. Random field model. As discussed in § 3 the presence of isolated defects in a 
symmetry breaking positions produce random static fields leading to a Lorentzian-
squared component in the structure factor. The range of distortion around each defect 
is controlled by the intrinsic correlation length of the fluctuations in the high-temperature 
phase (Halperin and Varma 1976). These fluctuations are therefore expected to have 
the same degree of anisotropy in the dispersion as the one-phonon fluctuations described 
above. However the results in RbCaF 3 and KMnF3 are quite different from this, showing 
isotropic scattering at a position displaced from the cubic R point. The extent of the 
correlated volume close to T was found to differ substantially from the one-phonon 
correlation length in RbCaF 3 (at T + 0.5 K, L2 - 4000 A and L 300 A). There is 
also a measurable difference in these values in KMnF 3 , which suggests the critical 
scattering occurs on two length scales. 
A plausible extension of the random field model to first-order phase transitions has 
been made by Imry and Wortis (1979) who suppose that, in addition to the fluctuations 
of the phonon normal modes, there are defect mediated fluctuations from the cubic 
phase to the tetragonal phase close to the transition. These fluctuations occur when the 
free-energy lowering due to taking advantage of local variations in impurity density 
more than offsets the free-energy cost of the interface produced. The correlations 
between tetragonally distorted clusters centred on quenched impurities drive the tran-
sition and have a length scale which may or may not be equal to the correlation length 
of the one-phonon fluctuations. The model explains the tetragonal structure of the 
narrow component and introduces a second length scale into the scattering. The isotropic 
dispersion of the Lorentzian-squared component may arise because the tetragonal strain 
present in the distorted phase could cause the macroscopic elastic energy to favour a 
roughly spherical cluster. In this model the critical exponents 1/L2  and Y12  shown in table 
3 refer to the degree of inter-cluster correlation. 
As can be seen in figure 5 the phase transition in KMnF 3 as measured by the order 
parameter alters its character across the sample face, and is only slightly first order. The 
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model of Imry andWortis predicts a smearing of a first-order phase transition because 
the size of the defect mediated fluctuations is determined by the free-energy difference 
between the phases, which decreases continuously to zero at T. Therefore if the Lor-
entzian-squared component in RbCaF 3 and KMnF 3 corresponds to scattering from these 
fluctuations we would expect to see a continuous phase transition at the R point when 
the high-resolution configuration is used. This is in fact the case for both materials; the 
result for KMnF 3  can be seen in the inset of figure 5. The measurements of the one-
phonon scattering discussed in § 5.2.1. imply that the fluctuations of the phonon normal 
modes have a non-divergent temperature dependence which is consistent with a first-
order phase transition. 
6. Summary and conclusions 
(i) Well above the transition temperature the critical scattering at the R point has 
the expected Lorentzian form in the three perovskites SrTiO 3 , RbCaF3 and KMnF3 . 
The correlations in the order-parameter fluctuations show considerable anisotropy, 
though this was found to be less in SrTiO 3 and RbCaF3 than that predicted from the 
observed phonon dispersion relations (Stirling 1972 and Almairac eta! 1977). The reason 
for this is probably because the x-ray scattering has contributions from the inelastic and 
central parts of the neutron scattering and the latter is less anisotropic than the former. 
The temperature dependence of the scattering measured in the three materials.is  
shown in table 2. The results for v 1 and YL  in RbCaF3 and KMnF3 are consistent 
with the behaviour of the n = d = 3 Heisenberg model with approximately the correct 
exponents, but with transition temperatures T which are below the transition tem-
peratures measured by monitoring the tetragonal strain. In SrTiO 3 the susceptibility has 
a temperature dependence which is in agreement with this model, but the experimental 
value of i/L is significantly larger than that predicted by theory. The correlation length 
and amplitude converge to zero at the measured T. 
(ii) Closer to the transition temperature a second component in the scattering cross 
section was observed in all three materials. The characteristics of this component are 
that: 
It has a lineshape that is well described by a Lorentzian-squared model in RbCaF 3 
and KMnF3 but is resolution limited in SrTiO 3 . No quasi-Bragg component is observed 
in RbCaF3 and KMnF3 . 
It is isotropic in wave-vector. 
It is displaced from the cubic R-point position in RbCaF 3 and KMnF 3 suggesting 
that it can be attributed to clusters which have a tetragonal structure. 
In RbCaF3 and KMnF3 it has an inverse correlation length which decreases 
continuously to zero at or close to the measured transition temperature with an amplitude 
different from the one-phonon scattering. 
It has an amplitude which varies from sample to sample in SrTiO 3 and RbCaF 3 . 
(iii) The explanation for these results is unclear, though the differing behaviour 
amongst the various samples of RbCaF 3 strongly suggest the importance of defects. 
Circumstantial evidence is provided in the lack of a viable alternative mechanism: The 
surface model, although it could explain the quasi-Bragg component in SrTiO 3 , is 
untenable. The theoretical predictions of Imry and Wortis (1979) in their extension of 
the random field model describe many of the observed phenomena, and provide a basis 
for explaining the origin of a second scattering length scale. If the defects were extended, 
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it is conceivable that coherently perturbed regions much larger than the intrinsic pre-
cursor clusters could occur. Consequently the q dependence of the x-ray scattering 
would reflect a distribution of length scales corresponding to spatial variations in crystal 
perfection. Imry and Wortis predict that the discontinuity at a first-order transition will 
be reduced by the defect mediated fluctuations to the tetragonal phase which are 
continuously temperature dependent. This smearing of the transition is observed in 
RbCaF3 and KMnF3 , but, unfortunately, the transition in SrTiO 3 is effectively continu-
ous, suggesting their theory is inappropriate in this case. 
The results can be compared with the central peak observed in neutron scattering 
measurements. In RbCaF 3  the anomalous x-ray peak persists over a temperature range 
which is much less than that over which the neutron central peak is seen in crystals grown 
by the Bridgman—Stockbarger technique (Almairac et a! 1977). In SrTiO 3 the neutron 
central peak assumes the bulk of the spectral weight at roughly the same temperature at 
which qualitative changes in the x-ray scattering occur (Shapiro et a! 1972), and a strong 
temperature dependence of the scattering near Tc is observed in both instances. In the 
case of KMnF 3 , analysis of the neutron-scattering data is complicated because the soft 
mode is overdamped at 40 K above T, and consequently the phonon and central 
component contributions to the observed intensities are not easily separated. 
(iv) Further experiments are necessary on crystals with controlled defect con-
centrations in order to understand the anomalous scattering cross secton. It is also 
important to establish the effect of the surface on the phase transition in more perfect 
samples of RbCaF3 and KMnF3 . To date experiments have only been performed on 
perovskites with very anisotropic R 25 mode dispersion and it might be instructive to 
investigate LaA10 3 which has a nearly isotropic dispersion. 
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Appendix 
A simple theory of domain structure predicts three Bragg peaks in reciprocal space. In 
a (00 1) orientation the domains with the c axis in the plane of the crystal give rise to a 
Bragg peak at (a h c' k 0) and that with the c axis perpendicular to the plane to a 
peak at (ci' h a' k 0). Gibaud et a! (1987a) describe how these domains are rotated 
with respect to each other. In reciprocal space this causes satellite peaks which are 
distinguishable from the main peaks. For instance there is a peak at (ct' h cos ô + 
a k sin a, a' k cos - c' h sin ó, 0) which is rotated by an angle ô from the reciprocal 
point (ci' h, a' k, 0). The angle 0 shown in figure 3 is therefore given by 
ah—c'hcosc5— a 'ksjnó 
tan 0 = 
ck+chsinô—akcosâ 
where a = r/2 - 2 tan 1(a/c) and a /c= c/a.  This reduces to tan 0 = c/a for all 
h,k. 
For comparison with the obtained KMnF 3 data, a factor of \/2 must be included in 
Critical exponents of KMnF3 	 3437 
the value for the 'ar ' lattice parameter since the measurements were made in the (1 —1 0) 
plane. 
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